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I "he concept ot exploitable biology outlined above remains 
valid and continues io be the paradigm tor industrial practice 
overall. However, the scientific and technological advances of the 
past decade are revolutionizing the approaches to exploitable 
biology such that the process is undergoing a major reevaluation 
and in many cases is being supplanted by new strategies The 
intention of this review is to appraise the paradigm shift that is 
happening in search and discovery as a consequence of the hioin- 
formatics revolution and to consider some of the opportunities 
and challenges that it presents for biotechnology. As a prelude to 
this appraisal, it is timely to take stock briefly of the current 
position of biotechnology and more comprehensively ot biodiver- 
sitv and of the resource provided by natural products 

Biotechnology 

The take-up of modern biotechnology over the past 2 C years 
has been typical ot any new technology: a slow initial phase 
followed by a period ot rapid growth (selectively m biotech- 
nology where it has occurred predominant m the health care 
sector) and entry into a mature phase ot consolidation and 
penetration Thus, biotechnology currently cm be defined as a 
mbust. reliable, and lelatively low n>k technology icuirent 
debates on genetically modified organisms notwithstanding! 
and capable of being implemented on a large scale and across 
the full range ot industrial sectors Recent estimates uf bio 
technology markets, expressed as the shaies ot woildwidc bio 
iechnologx -related sales, and forecasts toi 2iHi5 aie shown ir, 
I able I toi seven niaioi industrial sectors l ie impact ot bio 
technologv to date has been most pronounced in the phaima 
ecuueuis sector, b it it is clear that cnoimous potential exists m 
al! ot the othei sectors tor hiotcchnoio^v pencttution ever 
'hough short term forecasts diow no change in those sec'ors m 
■a inch tiie ni.d kct shaie <s v L i\ low 

l'hc pnncipa! driveo- o» biotcchnoiog\ uc economic de 
m.eul. led b\ industr\. national and mvi national policies, 
ten prompted b\ public pressure, and advances in science and 
'c.hnoiogv I'oge:hei thev catalwc the deveiopment . -t :mo 
technologv. as a means ot generating new markets, rcsolv:::^ 
^ni: standing and erncimng problems and gaming co-.; and 
Mhciencv im (Movements in industrial processing Hiotcchnol 
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holds tor achieving industrial sustamability (optimal use ot renew 
able resources, umclioiation ot global warming, and introduction 
ot clean or cleaner products and processes), and the increasing 
realization that it has become a mature technology capable ol 
achieving caummk competitiveness, generating new markets, 
and having wide industrial applicability (hi. 43K, 439) 

Biodiversity 

With the exception of large animals and plants, knowledge 
of biological diversity in terms of species richness, local and 
global distribution, and ecosystem function remains very in- 
complete During the decade spanning the publication ot 
Biodiversity i4 c M ) and Biodiversity I! (384), the number of de- 
scribed species has risen by 34 r ; to 1.87 million, of which 
approximately 7N'"; a. re terrestrial organisms ( 383) and approx 
imately S r ; are microorganisms. The accuracy of these figures 
varies for different taxonomic groups However, much greater 
uncertainty accompanies attempts to estimate the numbers of 
undescribed species Arguably the best estimates remain those 
of Hammond ( 19b, 197), who provides a "working figure" total 
of around 12.5 million species and approximately 1.9 million 
microorganisms. Hammond comments: "The figures provided 
tor viruses, bacteria and algae are frankly speculative, whereas 
those for fungi, protozoans . also remain very insecurely 
based." The speculative nature of such estimates also extends 
to fauna! diversity (for example, nematodes [284] and micro- 
arthropods 1 12]), .i matter of some significance in estimating 
microbial diversity in view of the probable symbiotic associa- 
tions in which they arc involved. 

Our comprehension of microbial diversity has changed rad- 
ically as a result of analyzing the DNA present in ecosystems. 
The most dramatic insight into the scale of this diversity came 
from Vigdis Torsvik and her colleagues in Hergen, who de 
ployed DNA rcassociation kinetics to measure genetic diver 
utv In two seminal papers published in 199(1. Torsvik reported 
■ha! about 4 oun completely ditferent bacterial genomes could 
■>e detected m a beech forest soil, a value some 200 times 
greater than the corresponding diversity of strains isolated 
.444. 44s i \ | 1C ]j cn iitv 0 { q lts newlv revealed diversity has 
'argelv been achieved bv small-subunit (ss) ribosomal DNA 

■ rONAl sequencing. wh:ch can be determined from DNA iso- 
ated duectlv trom the environment and winch has allowed 
evolutionary relationships to be interred The original circum- 
■.cuption ot the domain Bade* in based on rDNA sequences 

■ 40m identified '. '. divisions Ca lineage consisting of two or 
moie i?iS rR\ -\ sequences that a:e reproduciblv monophv letic 
and un.athhatev! with a! other div ision lev el related groups 
: 22.- ! ) 1 he : .ice • m d;sc« >v cia has been so ext i ao rdinarv that m 
mis! ovei a iecade 'he number ot recogm/ed and putative 
divi ,«ons »M l-.icter:.! :'..ts risen to 3'> i 223) An illustration ot this 
explosive d^coveix is the division | t ulnf\u tenum. in the two 
'eats follow- ng :s designation as a division. 250 rDNA se 
quences hav ; been reported th.it define at least eight major 
■nbdiv isions V h o i\'en claimed that the presumptive meta 
,>,x '-' ->nd Liene:.. .hvvi-M.v ot membeis ol U uiothicrenum and 
' :u ' K : i^tfM'ution make as ecoloiiicallv impoitant 
o • 'mm M \ ■• : vs ; \u :er:a Mich as :h.e / 'n -,t< , term i 3< ' i In 
,i remaikable stadv ot ;ne Obsidian I'ot^l hot spring m i ellow 
'■' ,f -' Na"o-:a: !V::k. V ice and his colleagues i 224) defined six 

' ' e w .are i ;M i.-.:Mor>. sequences >u one division K )P! 1 > 
1 - - : ' " .\o\c»cd O mu so;!, sedimen:. and deep su:^ 
*-'.-c. : c ta.'.s ::. wevei. u e : hat more than 

: - • " isjon-. ot ".tctefa ^.*:i!a:" no . wganisnis that 

• iie: "a ,i :::;;,! arc !e;Me^e:Med in nen- une 
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I >e tectum of major taxonomic ersitv in the other prokarx 
otic domain, Arfhacu, has also been reported The archaeal 
phyMgenetic tree hituicates into the principal divisions Crcn 
arxhui'ohi and F.uryarchavuhi hut recent 1\ a third, most deep!\ 
located division, the Kararchurttta. was proposed on the basis 
ot rDNA sequence analssis of uncultured organisms also found 
.it the Obsidian Pool site (2K). At one time Arvhaea was 
thought to comprise mainly extremophilic organisms (hvper- 
thermophilics, extreme halophiles, and strict anaerobes), but 
archaea are known now to be abundant in aerobic marine and 
tresh waters (UK)) and in tidal sediments (335) 

It would be misleading to suggest that the discovery and 
predicted extent of novel microbial diversity are restricted to 
the prokarvotic domains. The currently accepted figure for the 
approximate numbers ot described species ot fungi is 72.0(H). 
but in the absence ot a world checklist of accepted fungi, as 
many .<> !5(},!HK) species may already have been described 
■ 2(12) The "working figure" of 1.5 million estimated species ot 
tungi can be regarded as moderately accurate, i.e., within a 
factor ot 5 ( Likely major sources of undiscovered species 
richness are eetoparasitic ascomycetes of the order Lahoulbe- 
rualcs and nonmycorrhizal endophytic species Of the former 
group, about 2,(KK) species are known that have a high level of 
host specificity. New species and genera continue to be re- 
ported from a wide geographic range and from additional 
families of arthropods Based upon recent datasets obtained 
from Sulawesi and elsewhere. Weir and Hammond (47b) esti- 
mate that the figure for Luboulbe males species parasitizing 
coleopteran hosts is between 1(),(K){) and 50,000, while a 
smaller number (less than half) may be found on other arthro- 
pod hosts. Endophytic fungi have been much less mtensivelv 
researched than arthropod ectoparasites but are being found m 
rhe roots, stems, and leaves ot a large diversity of plants, 
including grasses, orchids, shrubs, and trees {2. 33. 3311 
Mans ot these tungi ha\c not been identified, and evidence is 
appearing that, in mm. the\ may reduce the diversitv ot plant 
communities ("*") That endophvtes miuht be a source ot no\el 
compounds was given considerable credibility through the dis- 
covery of taxol synthesis bv endophytic tungi and a varietv ot 
othei antibacterial, untitunual. and anticancer metabolites 
(42") A recent report of thermophilic and thermotolerani 
tungi isolated from geot hernial soils i 3Sm suggests that such 
ecosystems mas contain further cukarxotic novel microbes with 
exploitahle biotechnology potential 

Vagal and pioto/oal divet>ities .tie about Itl.iHhl species in 
each case, but the woiking tiguie estimates ot 400. non and 
:nn.nno species. respectively, are caci; a \ei\ pour accural 
iating, : e . no: within b'-toid i l l ^i ( entidence in picd^tmc 
■aumKantls more alga! species than are recognized now is 
'\r>cd upon the annual rate ot new species descriptions, the 
'atiie tieogi aphicai areas that to date have 'ven on!\ poor's 
:\;voied phscoiogtcalls. and the morphological simiiants tha* 
trcquentls masks geneth. diverstts. notablv among coceoi^l pi 
copiankton I 3 ^ i The prokarvotic picoplanktor has been ic 
searched extensively in 'emu ot ;ts genetic diversity and pin 
oecns i \ ;; , ; fwo In contrast. taxonomic assessment of ihc 
. UKaiM'tu pict»plankleis o icss advanced, and most ol those 
described in the la>t !u veal-, represent nose! species, eerier a. 
ider> ,.nd classes i e v . Pel ageophs ceae Unl and H.^iJ. i 
cc a;. ' 1^2' i I'he ppotu/oa p;e-ent omiiat uncertain: io on 
-pc^cs m.nnes- inJ '1 ".ixon.miic ctlort. but ,i!vn; i»-o new 
-regies ue dcs,::Kd a.nnua'ls ( . np.\k : y ■ •! : ; p 
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Recent studies ot Atncan soil cihates revealed over 5oii spe 
cies. ot which 4""; had not been described I 140) 

r.vcn the most cursors glance at the literature illustrates the 
pace and range ot new microorganism discos eiv completely 
novel bacteria being found in such commonplace environments 
as activated sludge I 1 7S, 34"). caves (1^1 i. and the human 
gut (430); novel rickettsial endosymbionts m common soil and 
water amebae ( 145), and high bacterial and genetic diversitv in 
deep-sea sediments (7U, 80, 2W, 382). However, this brief 
survey also raises several general issues of importance for the 
biotechnology search activity. 

Where to look, how to look. Verv often insufficient thought is 
given to the design of sampling strategies Random sampling ot 
ecosystems is preferable to "representative" sampling that is 
subject to investigator bias (441). Similarly, analysis of ran- 
domly selected samples is likely to yield a more complete 
picture of an ecosystem's microbiota than nested samples from 
the same environment Careful observation of the ecosystem 
and direct examination of environmental samples usually pay 
dividends in terms ot detecting the microbiota that is present. 
Unquestionably, molecular biological approaches based on se- 
quence libraries from environmental DNA have opened up 
new vistas on microbial diversity , but it needs to be emphasized 
that such survesmg does not always detect organisms shown to 
be present bv selective isolation procedures |cf. the actinomy- 
eete diversity ot Pacific Ocean deep-sea sediments revealed by 
selective isolation [So] with that from 16S rDNA clone libraries 
(290. 452J). The pitfalls of relying on PCR-based rRNA anal- 
ysis as a measure of microbial diversity in environmental sam- 
ples have been emphasized by son Wmt/angerode et al (4b2) 
And finally, can we nidge how successful the recovery of or- 
ganisms or ss-rDNA sequence libraries from particular sam- 
ples or sites has been ' One useful approach is to plot the 
cumulative numbei ot operational taxonomic units (strains or 
i DNA clones) is a function of their appearance during the 
sampling of stiams of clones, i.e.. Adopi the rarefaction analysis 
used by macioecologists An elegant demonstration ot this 
approach is repotted by Pol/ et al (372) in a studs of epibiotie 
communities ot bacteria on a marine nematode 

Taxonomy is not a luxury. In particular, u-taxonomv (the 
earliest stage m 'he development ot a classification) (22"). 
which designates species richness (or tt-dis etsitv ) within an 
ccossstcm. is not mere "stamp collecting" such inventorvini; 
determines what biodiversity is piesent and how it L an be 
accessed and becomes an mteeral part ot a database on the 
functionality of that ecosystem, all -ot which has a major bear 
ing on the success .e otherwise ot search and discovers pro 
grams Iaxononiv .aims m a dsnannc state Imiv classifications 
tna! have K'cn !\ised upon limited phcnotspic. morphologic, 
and genetu cr:tei;a ..re changing, often radicalis. a> new phs 
logenetic data be.onie available Such revisions ate c.s;dei;t no* 
■ 1 n i\ at iowei 'axonvMiuc iesels 'm! also at division, ice. 
pseudomonads j 2'o \ i and older (e.-.i ( /':/«; <n\ limit -\ 121. ^*\) 
levels ( iene seqiiLncmg studies can also be used to resolve the 
phvlogenetic position ot so-called enigmatic onanisms In ic 
cent veais the putative pioto/oan '.".mok/j: Vo'reo. has 

neen prosed to : \ ,m unusuails :aptf bacterium • 1 ^. tne pu 
'at've alea !*>;■!. :hi >:. l\is b v -en demonstrated to be a 

member of a n.ew;\ [ecogni/ed clade near the animal tancal 
diventence poi:v . 2-1 1. .md mtcrosp noha appeal - !\- icla'ed 
' ' turm ! I'hci -e;:ig caic, Jo • ..^,ai\ >\. - .2:3. 

Micmhiolo^s is about organisms, 'sever ; a p ; • . ■ j e.-m- 
•iK-nt.vl tc.en* v -p "\- .e.;ac:\e 
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■.-I atmg artitacts when analyzing i IDN.A sequence data obtained 
Horn environmental sample", have been highlighted <2^M It is 
:imeiv. therefore, to reaffirm the value ot polyphasic taxono- 
mies m which molecular biological data complement hut Jo 
not supplant other iphenotypie) information ( Pfi. 454). It 1, 
debatable even whether genome sequencing projects will en- 
able us to adduce organism behavior, physiology, or function* 
;n an ecosystem or culture, which is just the sort of information 
required by the biotcchnologist. Recall that over a third of the 
currently defined divisions of bacteria do not have representa- 
tives in laboratory culture. 

Microbiology research is focused on too few species. In a 
recent survey of publication patterns, (ialvez et al (153) re- 
ported that little or nothing had been published on 17.S r ; ot 
formally described bacteria between 1W1 and |W7 and that 
'.he publication rate on another 5b r ; was very low. It is a reason- 
able assumption that the position is even more extreme with 
regard to other groups of microorganisms Clearly there ar e ben 
efits to be gained from this very focused approach to microbio- 
logical research, but one adverse effect is the distorted picture it 
presents of microbial diversity. We reiterate that one serious 
effect of this selective activity is the marginal effort being put on 
the cultiv ation of representatives of the new candidate divisions of 
bacteria so that their physiologies can be determined with a view 
to exploiting them for biotechnological purposes. 

Data integration is a desideratum. Although there are more 
:han 200 microbiology-related databases (441), it is difficult it 
not impossible to find answers to questions that rciv on the use 
of integrated information from even a tew databases The 
situation is made more unsatisfactory bv the variable quality 
and completeness of certain data. An integrated microbial 
database (IMP) containing taxonomic. phvlogenetic, se 
quenee. metabolic, physiological, and ecological data would 
•niable tundamental questions to be posed - interrogation of 
>uch an IMI) should vield understanding (knowledge), not 
simply tactual mater al (data) A piototvpe IMI) project wa> 
launched by the ('enter for Microbial Myology at Michigan 
State I "diversity in W (2Sf>) An excellent exposition ot data 
and information management is given bv Olivier, et al i354i 

This synoptic view ot microbial diversity, however selective 
and incomplete, does demonstrate emphatically that present 
-mow ledge is astoundmgh poor and that the extent and ;m 
portuncc ot microbial diversitv are onlv now starting to K e 
appteciated bv btotechnologists Iromcailv. however, it icm 
torccs the opinion vvuch we and others held that natural or 
ganiMiis continue to provide a treasure house ot innovation toi 
'he biotechnoiogv industries- w e examine the basis tot ?h> 

■ «pt:mism in the follow mg ^e.'tion 

\ at u ra I- Product I) i v ers i t \ 

I he search toi aid cxph utatum ot :uituial products and 
Mopeities have been me mainstav o! the l, iotechn«>io»:\ :nd o 
'nes Natui al-prodik t search and discoverv. however. > not 
Aiionvmous with drug discovers, albeit 'he 1 itlei hold- po.c 
position AN the available evidence points to natural pr\lac' 
viis.overv continuum: stion^'v and a*. ^ e'er atmc .is a c- v*.>e 
:;ic!K e ot new searcn strategics and mnovativc rmct o'voa vv 

■ "V bo. ; 4^i In drug discoverv, loi example, novel natural 
pioduct /he motvpes with :nt cresting structuics and '^o'oc-.n ,i. 
k * i v :t:es continue '■- ; v reported W :'::.';;! such .!,sce.eee- 
pk:c would 'V .! v.euit:;ant thcrapc.it:* delict! -.•.ctal 
mivM'.mt Jirucal areas, such as ::c-.irodee;c:vi a*:v c : i 

. aid:"v jsc uia i disease, most solid tumor s. e\! in mane on 
:n it. irv diseases' i 
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drugs ot the world's top 14 companies tor the latest available 
sales figures ( W) and categon/ed them vis biologicals (iso 
lated directly from source), natural products (chemically iden- 
tical to the pure natural product), and derived natural products 
(chemically modified) Biologicals accounted tor 5.S r . (0 to 
\V ~ r 'f spread between companies) of sales, and natural plus 
derived natural products accounted tor 2S.2 r r (N.h to 73. 9 r < 
spread) ot sales Of the 2? top-selling drugs, 42 r ; were natural 
and derived natural products Antibiotics remain the largest mar- 
ket of naturally derived drugs (n7'7 of sales). Significantly, how- 
ever, the reported discovery' of microbial metabolites with non 
antibiotic activities has increased progressively over the past M) 
vears and now exceeds that of antibiotic compounds (212). 

One prerequisite to natural product discovery that remains 
paramount is the range and novelty of molecular diversity. This 
diversitv surpasses that of combinatorial chemical libraries and 
consequently provides unique lead compounds for drug and 
other developments Newly discovered bioactive products do 
not usually become drugs per se (345. 44 1 )) but may enter a 
chemical transformation program in which the bioactivity and 
pharmacodynamic properties are modified to suit particular 
therapeutic needs Several reviews are available that detail 
important recent developments in this field (75. 212. 271) 

Once a biotechnological target has been identified, two 
questions follow. First, what might be the best-producing or- 
ganism or group of organisms to investigate'.' Second, what 
screening procedure should be used in order to elicit the 
desired activity or property'.' The following approaches are 
among those used for organism selection (1) play the percent 
age game, e.g.. actinomycetcs for biopharmaceutins (35); (n) 
make reference to taxon-chemistry and taxon-propertv data- 
bases (for example, bacteria-antibiotics [G. < iarrity, personal 
communication] and polyunsaturated tatty acids-algae [460a]) 
and creativity indices, i.e.. the ratio of known metabolites to 
species richness ot a particular taxon I 1 12): Im) focus on novel 
and neglected taxa. examples of which are evident in the pre 
vious section of this review, (iv) highlight isolates from unusual 
or little explored ecosystems, e g . rmcoparasites (4S5); md (v) 
match the tame! with members ot previously unscreened but 
known taxa. eg. the human immunodeficiency virus rlUY)- 
inactivatmg protein :vunovinn-N as a result ot screening era 
n.obactei la i 4^, -u i ; 

1 his i s not the pace to discuss the extensive subject ot 
• creening o:hei thai :n a superficial wav However, it can be 
noted that considerable effort has been and is being expended 
n the development ot screening assavs. particularly as a re 
••P'-n-c to tlx- need to evaluate large numbers of >amp!es ;n 
'ugh, •hioagnp.it screens ,m,| the expectation that main new 
'•ttiie's w a: M e identified in the wake ot nenome sequencme. 
Piglets ,sc: i'c.no High throughput screening in.voh.es the 
'hot:., n.tndiiiu; o! ■ civ large numbers ot ..mdulate s.implcv 
:::e tecotc: ng o| appropriate signals Horn the assav svstem. 
m.d data management and interpretation However, the advent 
ot high throughput . i ecniim, w herein lead discoveries mav he 
:de:it-f:ed ,u a matte: of davs tiom libraries of 10' to b' 
impounds , + . ' 1 ' . m iv ! v limited *n the prov ision of sufficient 
quan';';cs ot components The development o| uir 

-'ca*-' '-ost>. pi-'v.ks .-ne possible means of alleviating such 
^ottiLnccks H:i: et .il i212i re«.entls reviewed the range ot 
-■'tee is ;o.d :n. -:u -.earcti toi hiopharnuu eutms and the sue 
VNN achieved w *;: e u'vmc inhibition, receptor bindim:. and 
-ell :a:vt:on .i--<.i\s 

1 % 1 N ' ! ■ c '■ ew t n a ; "' ^'i'.nni.kei;::; leads are moie 

'* - A ' 1 netc.tee n. ,el; ta:u!:on ,inn,i\> 'nan :n in v.tr. 
• •"• - 'ntext. :>tru^ion ot surrogate host 



M,\k( H AM) I>1S< (>\f-R> MKAIIdlh H >K MI( ) i I ( H N( )I .( )( , T 



for cxamp 1 /. the ability ot .Vt/c i fmn mm ci uTi'wwjJt' to express 
icterologous proteins makes u an attractive option, its use in 
greens based on substitution assays, differential expression 
issavs, and transacts ation assays is proving to be an eflectivc 
■Mete to drug discovers The procedures involved and the tu- 
*ure lor S. ccrevLsuw as a tool tor targeted screening have been 
discussed recently by Munder and Hinnen (334). 

As we have pointed out, exploitable biology goes well be- 
von J drugs: novel crop protection agents, food and teed ingre- 
dients, biocatalysts, and biomaterials are among the mans 
important industrial targets (f>l) Industrial biocatalysis, in par- 
ticular, has developed as a major sector, with applications 
tanging from biotreatment of wastes and toxic chemicals, de- 
tergent additives, processing of materials such as pulp, paper, 
and leather, and the provision of a plethora of stereo- and 
regioselective transformations Moreover, a decisive advantage 
o| developing enzymes as industrial catalysts is their cleanliness 
compared to most chemical catalysts (S<J). The further pene- 
•ration of biocatalysis into industry will depend on the discov- 
ery ot novel natural enzymes and the modification or do novo 
design of catalysts from known activities (54, 306) Among the 
armamentarium of new biocatalysts are the so-called ex- 
'remozymes, such as thermozymes. The latter have evolved in 
irehaeal and bacterial thermophiles and hyperthermophiles 
md display high resistance to thermal and chemical denatur- 
ition; they can be expected to become the biocatalysts of 
choice in a variety of new bioprocesses and to be used in 
upgrading existing ones, siah as sugar production from starch 
'NX). The archaeal and bacterial extremophiles present an ex- 
citing biotechnological resource which, to a large extent, has 
been appreciated only during the past decade The most recent 
account of extremophile taxonomy (27b) records 23 genera and 

species of hvperthermophilic archaea, 35 genera and S3 species 
of thermophilic bacteria. 12 genera and 35 species ot extreme 
nalophilic archaea, 44 genera and bS species of halophilic bacte 
".a. and PJ genera and 41 species of alkahphilic bacteria 

It will be obvious trom the foregoing discussions that detin 
itive chaiacteri/^iuon ol organisms is a crucial act in the scar eh 
:or natural products, and the abihtv to derephcate strai:i> 
avoids duplication ot effort (see below ) [ 'derephc ition" i> 
detined as the ability to prevent isolations ot identical species or 
-trains ot microorganisms and the repeated recover, ot identical 
natural products) Moreover, it is important to discriminate 
•trams at the tntraspeatic level The genetic diversitv vuthin a 
necies frequently determine^ the capacitv to produce scconJ.eA 
metabolites and en/vmcs. an I hence it r.ecds to be identified in 
, bisections ot candidate organisms lunaiiv. ot course, detephca- 
'ion .if natural pioducN per < also is jxtremeK important, and 
'he discussion K Van\iiddl>woith and ( annell ;•> ( u*cf;i! 

■ 'artme (XMnt foi the 'ntciest/d readei 

I he Paradigm Shift 

( ar tentlv we are witnessing a ma|oi change sr. ; -.e w av w nu n 
we do search am! dis v o\cr\ research ;n biotechnoln^ This 
. hanee is so profound that it merits description ,b a tMiadiem 
•:i;ti I he term paradigm :s used increasingly and often ;n 
discriminated m a multiplicity ot contexts Ihonias Kuhn's 
conception was of A <- en'ire constel tat:-, in of >v !L -[ V \aiuev 
'ech.nicjiies and ^ on dialed bv members ot a g:\ep. co m in u 
det:ne an intellectual div.plme Ann ■ dn.tr: 
.: e--h.es ;; tiom .c. -thci .h-cpluics ( h er tile mk... vd;:u; \„n> 
'"'•c Vim par.tdicm n.o ; \vn assigned .in additional mcunng 

• tn*v no' re i>v "self, '">ut :hc dune* w e n -e * ■ tnnl >•;: 



wav Thus, the term indicates on the one hand the experiments, 
or set ol procedures, that even, member of the scientific dis- 
cipline learns to appreciate as a necessary methodology to 
sustain the quality of scientific research, on the other hand, [lij 
Mas the broader meaning associated with a fundamental 
belief system or map of reality the lenses through which one 
sees everything" (322) In more practical terms, it can be de- 
fined as "a set of firm theoretical foundations, successful 
comparisons with past empirical observations [and] triumphal 
applications to solve important problems" (475) Thus, a par- 
adigm shift demands a major reorientation of methodology so 
that old questions may be approached anew 

The paradigm in exploitable biology has shifted from what 
we refer to as traditional biology to hioinformatics. 

Traditional biology. In traditional biology the search strat- 
egy is based upon specimen collection, system observation, and 
laboratory experimentation in order to organize knowledge in 
a systematic way and to formulate concepts. Outcomes of this 
approach might be illustrated by the serendipitous discovery' of 
antibiosis or the later targeted development of enzyme inhib- 
itor screens (450). 

Bio in forma tics. In bioinformatics the search strategy is based 
upon data collection and storage and the mining (retrieval and 
integration) of the databases in order to generate knowledge, i.e.. 
generation of knowledge (the understanding of what is important 
about a situation) from information or data (the sum of every- 
thing we know about that situation) (23) Outcomes from this 
approach will include the identification of new drug targets via 
functional genomics 

The paradigm shift is being actuated by a number of key 
factors: (i) the phenomenal pace of technological advances, 
eg. bioinformatics, combinatorial syntheses, high-throughput 
greening, and laboratories on a chip; (u) the need for signif- 
=eant breakthrough discoveries; (m) pressure to reduce costs; 
i iv) the requirement to reduce cycle times; and (v) biotechnol 
og\ acquisitions and mergers, ie . survival in global markets 
>2s3) Biomtormatics databases include [)\'A (genomesi. 
RNA. and pioVm sequences, proteomes. macromoiecular 
•tructmes, chemical Jiversitv, biotransformations, metabolic 
pathways ( metabolomes ). biodiversity, and svstematics Thus, 
.nnovative ' experiments*' can be made in sihco rather than in 
'■i^ 1 oi m vitro, so :n.H only essential experiments need be 
undertaken Kunn argued that Paradigms gam their status 
because thev arc more successful than then competitors 
solving problems that the group of practitioners has come 
•o recognize as aaitc" i 2^) A major objective of this review is to 
examine the biou form itic.s paradigm with respect to its success in 
■earch and disco 1 cn focusing on tour components of the para- 
digm .v steiTiati^v gc:: nines, proteomics. and ecology 

1 UK lilOlNKORMM I( S PAKADKiM 

Selective Isolation and Characterization 
of Novel Microorganisms 

\:i.iivs:s ,,1 J )\ \ ex'ractcd Morn enviionmcntal samples has 
■how p. 'hat mo'.ecuia! genetic div ei sitv i> much stealer in nat 

't-ii '■ i^itats ;;nm was prev ;ousiv recognized ill". !]S. 205. 

" N \ 3'M). 4hSa. r',i Such studies show that there are manv 
microbial taxa to i v discovered and isolated m pure culture 
: ^' S P '--^ uih.-re"- :Mi>''^ems t. u -ed m s.-;ec!ivelv isolating 
and c:;.ira^teri/n:g m:ciobes fr-m env :i onmenta! sanifMes. 
^ * " p:.n:rc-s ..--"'.io made, as exemphtied b\ ad 

'". , "'"' s , , n,,v J: ' ;: ' r '''' j; ' ,n ^ ^.st em.it \s of extremophiies 
• • ■ - w ;o notcn; 2! . legume nodule nitro- 
- v ' '■ ■'- v 1 rnn: . . . " ■., sphn-gomonavl- 
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i 1 Km. microbial pathogens of insects (225. ; ""), and protozoa 
i N.N Nevertheless, substantial Jifliculties remain in sampling 
an J characterizing representative members of the microbial 
populations found in natural habitats 

The spatial distribution ot microorganisms in soil (200) and 
'he need to overcome a range ot microbe-soil interactions 
1 42b) are serious limitations to quantitatively and representa 
lively sampling soil microorganisms (352) Procedures used to 
promote the dissociation of microorganisms from particulate 
matter include the use of buffered diluents (348), chelating 
agents (3(H)). elutnation {21<->). mild ultrasonieation (37 l i), and 
repeated homogenization of soil in several buffers followed bv 
separation of extract trom residue (122); these procedures 
address the problems outlined above to varying degrees Sev- 
eral ot these phvsicochemtcal procedures were incorporated 
into a multistage dispersion and differential centnfugation pro- 
cedure (220) that was shown lo be effective for representative 
sampling of bacteria, including actinomyeetes, from soils with 
different textures (220, 3(H)) 

The dispersion and differential centnfugation (DDC) method 
has been shown to be 3 to 12 times more effective in extracting 
actinomycctc propagules from a range of soils than the stan- 
dard procedure of shaking soil in diluent (17). There was also 
evidence that representatives of different streptomycete taxa 
were isolated at different stages of the extraction procedure 
and that certain organisms were only found on isolation media 
seeded with inocula obtained by using the DDC procedure 
These observations suggest that persistent associations be- 
tween soil particles and actinomycctc propagules mav be one 
of the major limitations to quantitative and representative 
sampling of actinomycctc communities in soils and that the 
!)[)( method can be used to effectively break down such m- 
•eractions. 

The technique of extinction (or dilution) culture also vvar- 
iants greater attention trom microbiologists wishing to isolate 
microorganisms trom. in particular, oligotrophia habitats. The 
'heory and practical procedures of extinction culture were de 
••eloped bv Don Button and his colleagues (65) in attempts to 
'ccover numencallv abundant but difficult to culture marine 
picobacteria C ultures are produced by diluting the original 
environmental sample to near extinction ot the abihtv to gnus; 

■ tenlized seawater provided both the diluent anil the culture 
medium in Button's experiments, but organic amendments 
mav l^e added, oi other appropriately dilute media mav be 
used The technique has two important advantages it provides 
a means ot studvmg organisms thai mav be abundant in a 
;\u ticular habitat hut. because ot their oligotrophy nature, are 
•>utcompeted bv kmeticallv moie versatile organisms m con- 

■ entional enncliment methods, and dilution to extinction offers 
'he prospect ot isolating pure cultures ot organisms In the 
! at!e! regard, extinction isolation culture is ,i valuable method 
! m -obtaining pare /abates ot marine baclena fi it ttequcntlv 
.:row poorlv on Mihd media and ot oligotrophia murooigan 

^ns l oi recovering marine ohgohactcr ia. Button et ai i i 
leeommended the use ot unamended sterilized ^eawatcr and 
monitoring the developing populations a! leas* three times a 
week ovei a l) week period ( bovvth should be evaluated will] 
•eiisitive technique- i c h as cpitluoiescencc midosc'pv and 
'low c\!ome:rv bxanpics ot the successful use »t extinction 
oaiture .tie lew. 'mi! the work ot Schu! et al t4i)Si on the 
maime uitramu ioba, :er ;um S/w//;e~o»?;, \ sp v*mhi 1x1^22^^ 

i:'.d Button et .\. \ '<* \ • ( u i, -,7.n';, :o , '/.'e. >:• ■; i see !a'cr 
-ed'oii) aie mode! --v csp^ations ot ♦his tvpc 

\nother cmli:::' »n quantitative and rcpre^ nia::v e sam 
"bn.c ot m:cro,.i::an>mN trom n.oata; habitats .-. die lack of 
• ::*able selective >• n.t'i procedures I"he sciccPA :tv ot iso'j 



t;on media is influenced bv nutrient composition. pH, and the 
presence of selective inhibitors, as well as by other incubation 
conditions Innumerable medium torrnulations have been rec- 
ommended tor the selective isolation of microorganisms, but 
the ingredients have been chosen empirically, and hence the 
basis of selectivity is not clear (281, 4S9) It is now possible, 
using computer assisted procedures, to objectively formulate 
and evaluate selective isolation media (60). Indeed, numerical 
taxonomic databases, which contain extensive information on 
the nutritional, physiological, and inhibitory sensitivity profiles 
of the constituent taxa. are ideal resources for the formulation 
ot new selective media designed to isolate rare and novel 
organisms ot biotechnological importance 

The streptomveete database generated by Williams et al 
(4KK) has been used to formulate isolation media designed 
either to favor the growth of members of uncommon Strcptn- 
niMcs species known to be promising sources of new bioactive 
compounds or to inhibit the growth of the ubiquitous Strepto- 
mvces alhidoHavu.s, which tends to predominate on standard 
media used tor the selective isolation of streptomycetes (460, 
490) It was apparent from these studies that a medium based 
on rath nose and histidine as the major carbon and nitrogen 
source, respectively, led to the predictable reduction in the 
numbers ot \ ulhuiofiavus strains on isolation plates, therebv 
facilitating the growth of rare and novel streptomycetes. In a 
continuation of these studies, large numbers of two putativelv 
novel streptomycete species were isolated from hay meadow 
plots at Cockle Park Experimental Farm. Northumberland. 
I Jnited Kingdom ( l 7 ). 

Another way of optimizing the search and discovery of new 
bioactive compounds is to ensure that organisms growing on 
selective isolation plates represent novel or previously unin- 
vestigated centers of taxonomic variation ( 177). The choice ot 
organisms foi pharmacological screening programs, especialk 
those with a low throughput, is pnmarih a problem of distin- 
guishing among known organisms and recognizing new ones. It 
is now relativelv easv to detect rare and novel microorganisms 
due to the increasing availability of sound classifications based 
on the integrated use ot genotvpie and phenotvpic data (>v\ 
l"f>. 23^. 454i This approach, which is known as polvphasic 
taxonomv. w.,s introduced bv C'olwell (S2) to Mgnifv successive 
or simultaneous studies on groups ot organisms using a com 
hmatum ot Pixoiiom.c methods designed to vield good-quahtv 
genotvpie and phenotvpic data A ranee ot powerful methods 
are available tor the acquisition ot taxonomic data ( Table 2) 

I he poivphasi, approach to the detection i-t rare and novel 
taxa ot ^loteehiviogicul importance onlv became practicable 
with the av.t: a h :htv ot rapid data acquisition piocedurcv mi 
proved data l \i:\!;irig svstems, ,md associated mic lobiologicai 
databases i 'm. i Toe application ot polv phasic taxonomv ha > 
■ed *o -profound changes m bacterial sv steniatics. especial!', 
with le^pec! v iidustnuilv significant L'joups such as the ac 
tmomveetes n<; winch traditional taxonomies based on toon 
and function made it impossible to select a !\danced l >ct ot 
sTram> toi industrial screens i P2a. I ^) I'he i a iassitical.on ot 
several act:? - Miiveete taxa. n.otahlv the genera \/; ( t<>tctnt\r<>r.; 
^ |lSi - U\. • :■. 'mm \<n l ir l ;ui t i i. t\>h tj< <i< n < r, - 

!l"~2a'. and C'ir.'-wius (2rVi. and the delineation ot new 
ic tmomvv et . genera, such as Hratrnhrrxui i »uj ), ( )nuthin\--- % 

" /■'\s.-Mif)i\-:rs i3!2i. and H "//.'•*;/».•*:.; <24hi. are ah 

t^oducts oi 'he polvphasic- approach Simihuiv. i host of ;V w 
• •'•'•ninv, • • species. toi ; totaiicc. .1 '>;., ;.,.: ;o; p;< mwir. .. 

' ' »• ( " ' ^r\; { -r 'IWU .CO I 2P4 l. \, .- t ;V, >:;:>■■ y.:; : >; : 

.o i a> i. .tnd \:>.-nr, ..v»;vi cv .''';< v »?. h , vp/;, v 2' ' 2 ■ . h a v e ^ e e * 
described none .1 combination ot ec:i< Mvpa .md ptienotvp:. 
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hcinu used to citcumsci ibe protozoal I ! > and turma! i \ ; . c: :i \ 
l 2t>). taxa, notabiv vcasts i p 4 *.\ Jo? ) 

Polyphasic taxenorm is now well ctahli d^ed. though iittk 
attempt ha.s been made to lecumtnctui wliKh methods arc the 
most appropriate tor eeneiatine consensus Jussiticatior.x .V 
present, polyphasic laxonomic studies tend to reflect the mt/t 
ests oi the individual rcscaich groups uui the ccuipnum aru: 
procedures thev have at their disposal h is nut possible to l \ 
Vo prescriptive about the methods whkh ■ hould be a^ed. a-, 
'hose selected need :o relict the taxooomie ' aru n under c >r. 
^deration * I a v lc 2 However. :! :> Jcar t- at -mad subu'iP 
:RN A is a pow ertui tool tor iiiizhhtthime ruw , enters . -i ta\. 
lonuc v anation ■ '. -Vis though th • : c . hr.kj ..c doe-. 

■;oi alvsav s allow the separation • >t member' • >! c'oseiv related 
-pecics In contrast. 1 >N \ [)\ \ relate inesx. :iiolecu!ai tinsel 
prmtmu. and phenxM\pic studies po a ide v a-uabk vlala toi t:\ 
detection ol ^foups at and below the -peeits evei ells, \"\\ 

I he polvp'n.isic approach io c ik un-sct \ y > ne u :c: > ib:a! 
-a: 1 rv expected to meet several ■ t :':ie prunarN vb.aderii.e-. 
tuMie mscrooiai sv^t .-matists. noprw t't'.e need to cetierak 
Aei' defined t i\a i stable n.oiium* iaf ar e. a \l :mpii>ved uh-r. 
Mkativui procedures Howe\er. mos* 't 'he methods ise^l ■■ 
vuh stuvlies .iic ice r\l:: .• \irr> t ':!V,c ..\ -o. .c ! m.i 
\-\ an and b.e:t.. :.r. ■ • meet !bc * •.: men c:::- ' " - :\ tap 
mil iin.tm^uuous . ivs- u'er :/at:ov ,np num:\;s . t 
aP s These r epu; r etru'iS ate era. a step- ::* -.teervj ? • 
■• earal products - c it.i'v'k ie!:v. c^ oi .:..]. ;o : , -:oeie ■• 



In Mils context, the abriitv to exclude prevmush screened or 
eamsms and to •ecocrv./e microbial eoh.nies on primarv :sola 
tion fiiatcs that have developed trorn identi.ai environmental 
propaipiles i dei epilation 1 mil) ^reativ assM th c selection ol 
bioloe ea! materia! tor iaiate eommercia: spr, emriLt operations 
1' ,s aS-.o :mp ^rtar.; tor svieenmit pre-vtrams to discriminate 
between nucrooiaianisms at the inliaspecie - level, thai is. to 
examine die cenetk' dnetMU within a detineil species, as it > 
wei know n that tive , ipacrA to- produce pi rnar\ and secorulan 
mela! 1 d;te> is t: c.juc" r iv a projieitv express ;d bv members n\ 
intraspcctic taxa ia! ; \'i than spec.es pc s,- . f m M Some wulelv 

ised mo!cca!.i: imiviue such as smae suoumt rRNA eene 
seejuetk u-c. ia.ls '"c p.-wer to d^mpir .h 'kpvveen strains be 
ihe species !e\e. ■ ■! l \'!\\an members, m lecentK diverged 
species I M: i. while others that has: this resolvini: power 
■amplilied and resiisction traLtnient !e not h poiv mm phisrns and 
single strand conj. m m it:op po!\ morphiMii : ire laborious and 
"me ^ msuminst 

t,,x '' ;1 o!"-«ev 'v o a:\! . o:istra;:v. , • -at.med a">ove. ;bc 
-ic.-.l ;ao,edure lor microbial ctiaracterr/at: mi should be tin: 
• er^aiiv appi:cab ! e. rcejUUc small, eas.o p-rcpared samples. 
Pio-odc iap:d and nutitiv r epi - uiucrl^e data. K e capable o| au 
mat:o-. an.vl b.andie ";e: du.-aehputs \., s ,i these lecjiitte 
:ic:i:« ee pi \ :ded "v :\".v -...o. nenik a' w •■ ■» : ;aP.!Mn tp'ctei 

•' "k"!ee!s ■ • ' • si ;he nW w;del, cmpioved bem- 
1 p oi; pv r, \ s . -n.iss .;e, pome'r. i \\ \!S f )»bei meth 

• !> r ' c: Pa">tor:r op.uo.; spectros^om 
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i l 'l IK i and dispersive Raman spectroscopy the three piocc- 
Jures have been compared recently tor the phenotvpic Jiscnm 
mation ot urinary tract pathogens |P2). 

( uric point INMS has heen shown to he ot value in rapidiv 
grouping microorganisms isolated from environmental sam 
pies ('42). tor defining pvrogroups (clusters) ot commercial!) 
significant actinomycctes ( 132. 39^), and for recognizing subtle 
phenotvpic differences between strains of the same species 
(PI) Good congruence has been found between numerical 
phonetic, molecular fingerprinting, and PyMS data, as exem- 
plified by a polyphasic study on clinically significant actinoma- 
durae (446) Similarly, it has been shown that the taxonomie 
integrity of three putativelv novel species of Strcptomvces high- 
lighted in a polyphasic study was supported by PyMS data ( 1") 
These observations make it possible to develop an objective 
strategy to determine the species richness of cultivable strep- 
tomveetes isolated from natural habitats. Thus. putati\ci\ 
novel streptomycetes can be grouped together on the basis ot 
their easily determined pigmentation characteristics, and the 
taxonomie status of the resultant color groups can then be 
determined by characterizing selected strains by PyMS and 
comparing the pvrogroups with the original color groups It 
required, more exacting taxonomie studies tan be carried out 
on representative strains using more sophisticated procedures, 
notably small-subunit rRNA sequencing 

A strategy similar to the one outlined above was used to 
circumscribe novel, industrially significant rhodocoeci selec- 
tively isolated from deep-sea sediments in the northern Pacific 
Ocean close to Japan (7<), SO). Subsequently, excellent congru 
ence was found in double-blind numerical phonetic and I\MS 
analyses of representative rhodococcal isolates, indicating that the 
delineated pvrogroups were directly ascnbablo to the observed 
phenotvpic variation and. in consequence, of real value in screen- 
ing programs (SI) 'Hie results of this studv affirmed the value ot 
I\MS in characterizing microorganisms, discriminating organ 
isms at the lntraspccics level, and enabling rapid and effective 
dereplieation ot strains prior to screening This approach can he 
applied dircctk to target strains growing on isolation plates, 
therein obviating the requirement for tune consuming laboratory 
testing to distinguish duplicate colonies and permitting the ratio 
nal collection ot colonics from %uch [Mates tor subsequent 
screening These attributes, coupled with the speed of analv^s 
i a p proximal elv 2 mm per sample), the \er\ small sample size 
required IN" to loi) M g-., :he high reproducibility and (lie hiuh 
automated throughput, eonimend PvMS as a method of choice 
tor industrial sereciiim: programs based on microorganisms 

Detection of I nculturtd Prokaryoles: Molecular \pproaches 

I i aditionallv . nit rube is ot established and novel microbial 
'.axa isolated from natuia habitats were u\ogm/ed ustns: p:v 
e.ctic methods wh:ch diew upon available i^notvpic and phc 
u^tvpic data \n .titer n.itiv e appioach to the estimation o! 
piokarvotic divers;i\ m natural habitats initiated bv ! ; v 
tpphcation tit moiecu! ii method* i35\ ; mo. most ot a n\ r 
illowed the rccngmtior o( uncultured organisms based on the 
.ise • M >S i KV\ sequences It was app.ueni even trom trn 
.n:::.i! ladies that spectacular patterns oi prokanotic diversp\ 
'i.id iione undetected using standard cultural and char actet 

pi-vedutes ! he modular approaches also confirmed 
■ ;, vn.i::e'h ft. Mr due;: mich^copv 'hat the number • W p:-- 
sar\o:es wh'.ch ; v leadiiv eult:v ited tout! environment.!, 
tuples is .m\ a. -ma:! and skewed !r.ut:on, ot the divctvtv 
:'?e>en: 4 ! i I he mahiiPo to cultivate even the most mime 
\o mier. v uranisms trom natural hamtas m,s Kv:i teteir. .: : 
.'.tea' p:a'c coup' apomalv" ■ 42 - 1 
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Several procedures liave heen used to estimate prokarvotic 
diversitv based on the examination of DNA extracted trom 
environmental samples (IIS, 205, 352}. \ an ironmental DNA 
samples have heen analyzed using reassoaation kinetics to 
estimate community complexity and the number of constituent 
genomes (444, 445). but the procedure lacks the precision to 
dentify individual genomes or to place them within a hierar- 
chical taxonomie framework. In contrast, analyses of IbS 
rRNA sequences can he applied to specific uncultured pro- 
karyotes and the position of the resultant phylotvpes can be 
interpreted in terms ot inferred common ancestry 

In the bulk DNA cloning approach (360. 406). total DNA 
extracted from environmental samples is partially digested us- 
ing a restriction enzyme and cloned with a lambda vector 
(ienomie libraries generated in this way supposedly do not 
impose any selective hiai on the recovery of rRNA genes fioni 
members of different taxa The major practical disadvantage of 
this approach is that most clones in the DNA library' wall not 
contain rRNA genes; the predicted value is ().5 r ? (406). 

A quicker and more effective way of unravelling the compo- 
sition of prokaryotie communities is based upon PCR-medi 
ated amplification of 16S rRNA genes or gene fragments (us- 
ing either rRNA or rDNA isolated from environmental 
samples) with 16S rRNA gene-specific primers followed bv 
segregation of individual gene copies by cloning into Eschc- 
nchia coll ( lh.S). This procedure generates a library of commu- 
nity IbS rRNA genes, the composition of which can be esti- 
mated by sampling clones and comparing their sequences by 
restriction endonuclease digestion, their reaction to specific 
probes, or by full or partial sequencing (4hSa). The resultant 
information can he analyzed to infer abundance and represen- 
tation in the library, t'nique clones can be completely se- 
}uenced and their relationship to corresponding sequences 
trom cultured taxa m a taxonomie hierarchy based on 16S 
rRNA can be determined. As with other molecular ap- 
proaches, the success ot this procedure depends on the quahtv 
of the extracted DNA and whether it is representative of nal 
nal prokarvotic diversity in the environmental sample 

A number of potential sources of bias exist in DNA based 
analyses of natural microbial communities 'These have heen 
extensively reviewed elsewhere ( 1S4. 205, 352, 4h4. 4hSa) and 
r.clude preferential amplification ot specific templates due to 
SH R primer choice '452). differentia'; cell lysis (IP. 32"'). the 

■ i(' c-mtent ot D\ \ sequences i3s"), the Jormation of chi 
■nertc IVR products i >5, 4ra"i. genome si/., and rRNA gene 
■op\ number i 12 > .-. and the presence of tree DNA ot DNA in 
.pore* i 44" i It because oi factors such as these that studies 
\ised on \ \ 'R amplification ot small-subunit rDNA series 
■h.ouid be comp.ued with the results derive. i trom the appli 

■ atior ot contemn or an -elective isolation and characterization 
methods Mow 'ver. :: .s\en encouraging that in comparable 
ma!w> ot • •: . I. i;,,.; InS rRNA -euuenes i-I2. 2^>. 2S V J 

- ' ; - ; i " 'he -amc eioups ot prokarvotes were detected de 
■Pitc the use oi ditleient DN \ extraction. , Iomrn:. and P( K. 
e^ hmques 

The anaiv -as ,m i;u ;e ued prokarxotu ,ommun:t:es m rtat 
u t ; . ha 4 utats p ■-. p,s rRNA ^qucnee-. has beer: exten 

••^ civ revewed ^. '. \ ! 2t)5. Ims j i \ number o: 

general corkiuuop> ,a:i :i e drawn Horn sur\ ;\s ot uncultured 
prokarvotic c>mmu:v:\-s \:\ manne sediments i hi". 14^. 1S4. 
2"i. ; ^2. ; - J 2. 4^2. ' M'awatei i ;uu. -v,, h^). bellow 
s * spi:;u;> t >. 2'. 22 \ 224.. ihi/o-pheic i ; "!i anc 

"•' ^tv^ete 2 '2. via. ; "i. o;', 'ermite uu:- 

1 '".e f :me: > ♦ . .md tee e.uman cut . 4 n.-ta'piv the 
. ■■ imou- w jastr oi upvrotMal diveiMtv. the tact that mam ot 
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tor cultivable species, .md the limitations ot traditional cultural 
■cchmques in retrieving this diversitx It is possible that some 
ot the new phylotypcs may be artiiaets oj the VCR procedure, 
'nit most appe.tr to be genuine; tor example. Barnes et al {2 { h 
reported that 4 ot l J8 clones were chimeras, whereas Choi et al 
i "3) found r chimeras out ot 81 clones analyzed 

rl >NA sequence analyses of uncultured prokaryotic commu- 
nities are also casting light on the geographical distribution ot 
specific phylotypes There is evidence that samples taken from 
'he oceans tend to contain sequences or monophvletic groups, 
tor example, archaeal groups I and II and SAR 7 and SAR 1 1 
bacterial clusters (104, 3 1 K, 333) Similarly, sequence-based 
studies from different geographical locations show consider- 
able overlap of sequence types (42. 27^, 2N ( ), 2^2, In 
addition, the perceived ecological boundaries between ar- 
chaeal habitats (extreme environments such as hot springs and 
hvpersalme waters) and bacteria! habitats (temperate soils and 
waters) are becoming increasingly blurred Members ot the 
Arctium previously considered to be restricted to high temper- 
atures (division Crcnarchacota) are now known to be abundant 
m many temperate environments (40, 104, 209), whereas mem- 
bers of the Bacteria appear to play an important role in ex- 
treme environments, such as hot springs, commonlv consid- 
ered the province of Archaca (224) 

rhe relative abundance of a sequence in an environmental 
sample can be estimated by using oligonucleotide probes to 
analyze total rRNA extracts (104, 105, 382). This approach has 
some limitations, not least being the fact that different pro- 
karyotes may contain different numbers of ribosomes and 
hence variable amounts of probe target (468a). A more direct 
measure of cell abundance can be obtained using fluorescent 
probes to identify microorganisms in situ (103). This approach 
can be used to link sequences with morphotypes ami to high- 
light samples that contain cells from which a sequence ot 
particular ta.xonomic interest originates, therein providing a 
'ool tor use in isolation strategies (222) 

l ister and much taster alternatives to 'he cloning piocc 
ilures invoke the examination of complex microbial popula 
'ions b\ cither denaturing gradient gel electrophoresis 

■ D(i(il ) (340) or temperature gradient gel electrophoresis 

■ Ki< iH (3 1 Ui ot Vi R-amplificd genes co<\\n\: tor IbS rRNA 
These methods have 'ven used to analyze IfvS rRNA genes 
Horn environmental samples ( 12 l >. 134. 340. 341 ) and allow tlu 
separation of PCR amplified gene, on polvacrx lamide gels 
Separation is based on the decrea-.ed electrophoretic moNhh 
ot p.ntialK meited double stranded PNA molecules m pol\ 
acid tmide gels containing a linear gradient of ON A detiatar 
ants I a mixture o{ urea and tornianudc) oi a hneai tempeia 
"uu' gradient Individual hands ma; 'v exceed. teamphtieJ. 
and .equenced i 134. ^o m ehulLmgcd w:'.h a fatten ot o!:- 
■I'MU.cleotule probes 1 ; 4m to gi\e an ndica'ion M the compl- 
etion and di\ersit\ ot Ov microbial .ommunitv 

l' M 'CI and KiCl aie r eiutiv ci\ ;,is\ to pertoi m and ailou 
lKinx samples to be ran emultaneo is'v I hex are particularlv 
veil anted tor examining time series and population dynamics 
1 ):\\ the idcntitv ot an onanism j-wnicJ w::h a parJicului 
; \md ha- been detei m:::, d. du.tuatviis ot individual compo 
■ cm ■ ot mictobiai communities due "o seasonal variations oi 
envronmenta: perturbations ear: S .issgss-J Hei:er et a'. 
■:;2» used [MiCf and !(.(.! to dcurmmc the genetic diver 

'* .k P.nomx. e'e- htter en' : N A >^\ nioivtor drifts 
'n.ei: C 1 in dan. e ,:: 'a. pot a". ■ i. ■ .p-vie Se caerK :ng g t:\- 
n, t:\:daai PC>< d ; m" N . leni \^ ' : i : . -.! • C ore>e-:ce •! •: 

,wa related ' ;:icm':v: : '".e e.-ncia ( ." 'O;. ;.:«••:. 
and /J.;."..": \ , ongv k„\in: ■ >i C. 



ods is given by Mu\/er and Smalla (33S) The successful ap 
plication of [)C(ib has revived interest m genetic tingerpnnt- 
mg of microbial communities. Lee et al. (288) described the 
ust ot single-strand contormation polymorphism (35^) ot 
Vi R-amphtied loS rRNA genes tor examining the diversitv oi 
natural bacterial communities Amplified rDNA restriction 
analysis ( ARDRA ) has been used to determine the genetic 
diversity of mixed microbial populations (310, 311) and to 
monitor community shifts after environmental perturbation, 
such as copper contamination (413). 

C omparison of Molecular and Cultural Techniques 

Culture-independent molecular approaches are tending to 
replace culture-based methods for comparing the composition, 
diversity, and structure of microbial communities investiga- 
tions based on these approaches have led to the conclusion 
that traditional methods of cultunng natural populations have 
seriously underestimated archaeal and bacterial diversity. Sam- 
ples of DMA extracted from seawater, soil, and cyanobaeterial 
mats of hot springs appear to represent predominant popula- 
tions in these ecosystems, while the species that grow on cul- 
ture plates are numerically unimportant in intact natural com- 
munities. These findings are not surprising, since the vast 
majority of organisms counted microscopically in samples from 
these environments have not been grown. One reason for this 
inadequacy is that cultivation conditions used to isolate organ- 
isms do not reflect the natural conditions in the environment 
examined and therein select fast-growing prokaryotes that are 
best adapted to the growth medium ( IK 1 ). 241. 4b^, 470). How- 
ever, greater success m bacterial isolation can be achieved by 
using culture conditions that more closely approximate natural 
environments (4(C) or by using novel tools, such as optical 
tweezers, to phxsicallv isolate bacterial propagules (222) 
I'he re is also molecular evidence that some readily cultivable 
bacteria are abundant in the environment from which they aie 
isolated (388) 1 hese trends suggest that innovative isolation 
procedure > comhru. d with the identification of phvlotypes pro- 
vide .i powerful means of addressing the great plate count 
anomally 

Relatively tew vui.es have nxolved a twin track approach 
wherein both culi.val i-n and direct reco\ei\ of bacterial Ins 
iKNA gene sequence nave been used to gam insight into the 
microbial diveiMtv ot i aural bacterial communities i 1 14. 20". 
Cm Compatativi e: J !C s su h as these are needed not least 
because both pia: ng .-.ml lf.S rP\ \ cloning i 14") sutler trom 
biases that can d: too eommumtx composition, richness, arid 
structure 1 he m- \.c: In appro. tJtes prowC a new per^pec 
:p.i on tlx divers"\ ■■ piokarxotes ;n nature iv.n do not .icld 
the organisms t't^m-e; . :s This means that potent iall\ valuable 
biotcJinoiogka. 'Mi's , an. at C'o. -:dv 5 >e interred tiom ph\ 
.ogenetic ittttvt: - ^ !');. ^r, j )-,. , ; ,: nwitL . tcp 

rcs;ntativ-.s nf g' Cat, lines ot .ouutivabie [MokaiAote. tor 
ll :otechnologieal ; uip ^es po >l • a niatoi challenge toi nvcto 

)'U iglsts 

\ sonieuha! nio.e 1 picture emcees ! r ■ - n i compaiative -tad 
:vs ot natural :n:ei ,\ ■ • n ru-- 1 ttatt-diel et a i^n t.-;r;d 
^■' 1, c cor r :lat i, : - c ::-,e ge:uis ,e\e" ; v:\\lv:; O'c ^iltiva^'v 
P^iOon oi aero:v . :i .■"erotrophic bacteria and data derived 
o«^n) die 1'>S rl>\ \ mproteh. .vhen ,'\anvr> ;ns: M n. s;i? 
' -edtmen: IC vev ". th^e c r . .</ -o ao; de\\ v.: after 
,,x 'v ' i v ■ a t m v. •• • : ■.J-.m.ni ,s s -r.j -m».<. -. 
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nuils highlighted several close matches between the 'PA rDNA 
ot organisms obtained b\ culture methods and directly reeo\ - 
eted UiS rPNA. hut only after several liquid dilutions ol the 
inoculum were used for cultivation instead of direct enrich- 
ment based on undiluted inoculum (4fiM, 470) Two major 
conclusions were drawn from these studies (ij For the most 
part, direct enrichment techniques select for populations which 
are more tit under the chosen enrichment conditions and mav 
not be numerically significant, and (ii) the growth of numeri- 
cally dominant populations may be favored by using an inoc- 
ulum diluted to extinction, especially in growth medium which 
reflects the conditions in the habitat under study The conclu- 
sions drawn by Ward and his colleagues are consistent with the 
results of a comparative analysis in which bacterial isolates and 
environmental IhS rDNA clones were recovered from the 
same sediment sample (433). The corresponding data sets 
showed little overlap, possibly due to direct plating of the 
undiluted inoculum onto sohditied medium with the subse- 
quent isolation of community members that were not numer- 
ically significant. In contrast, a close correlation was found 
between most-probable-number estimates of isolates and en- 
vironmental 16S rDNA clones taken from the bacterial com- 
munity of nee paddy soil (207) In a comparative study of the 
bacterial community diversity of four arid soils, similar rela- 
tionships were found between 16S rDNA results and cultiva- 
tion, though significant differences were also observed (114) 

The human intestinal tract microbiota presents a somewhat 
different situation, as extensive past investigations have char- 
acterized this ecosystem in more detail than most other natural 
communities (134, 215, 324) This means that optimal cultural 
methods are available for comparative studies of the complex 
microbial communities that reside in the human gut. Wilson 
and Blitchington (4^2) analyzed the composition of the micro- 
biota of human teea! samples and concluded that the bacterial 
species detected by nonselective culture, when anaerobic bac- 
teriological methods were of high quality, gave a good repre 
scntalion of the bacterial types present relative to that revealed 
in \hS iDNA wquence analyses. The main discrepance In; 
tvveen the two methods was m the detection of gram-positive 
groups In a similar studv. l >5'" of rDNA amphcons generated 
directly from a single human fecal sample were assigned to 
three major ph\ logerietic lineages, numelv the ttiu ten >uhs . 
i'losrntitum eocro/./cs, and I'Uistrulium Icpium groups |43<M 
However, an in depth phylogenetic anaKsis showed that the 
meat mator.tv ot the observed rDNA diveiMtv was atlributuh.c 
:o unknown dominant microorganisms wiihm the human gut 
It can be concluded that both innovative cultural procedures 
and cultuie-mdependent methods have a io!c to plav \r. an 
lavelhng the full extent ot prokurxotic dnciotv i : natapii han 
:ta!s, especiallv since there are a numbei ut instances where 
f a\a have onlv 'ver. detected using cultural methods i4.V ; . 
4 i *2i Although the two approaches sometimes provide Jitter 

■it assessment^ o| relative communitx JiverMtv. the Jiscier 
anc.es mav be attributed to sampling ditleient subsets of the 
mpuohial commumtv and to limitations mlieieni in each ot the 
two approaches In addition, highlighting consistent relation 
ships betwe.ui cr v uoiiments based on the dual appr-'.ich. nuv 
■v highly habitat dependent due to the -muted .evhtv -a 
s-nglc ciiltuia- method t- 1 ^uixcv the fall extent ■ *: the i\ic:cn.ii 
. • ■mrnuni!:es and the influence of :\u:criai phv -;ogv m s"n 

"" c - i. v . ss , a ca ; t;v.ition :n the ia^ota'oiv 

huiiimiis 

■ : en.. Mine > :he lK :.v.r\ ol -eaacp :nc ce'v mc> .c\: 
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such sequences with computational tools In contrast, tunc 
Monal genomics defines the transcriptome and proteome status 
nt a cell, tissue, or organism under a proscribed set of condi- 
Mons The term transcriptome describes the transcription 
• mRNAi profile, whereas proteome describes the translation 
iprotetn) complement derived from a genome, including post- 
translational modifications of proteins, and provides informa- 
tion on the distribution of proteins within a cell or organism in 
time, space, and response to the environment. Together, 
genomics and functional genomics provide a precise molecular 
blueprint of a cell or organism, and in this and the following 
section we examine how they can reveal novel targets for 
search -and -discovery developments 

Introduction. Improvements in sequencing technology have 
enabled large-scale whole-genome sequencing (136). The gen- 
eral strategy is to fragment the whole chromosomal DNA into 
large clones, e.g.. bacterial, plasmid, and yeast artificial chro- 
mosomes, cosnuds. K phage clones, or long-range PCR prod- 
ucts (414). followed bv a selection strategy from a large, highly 
redundant library, usually using a mix of random and directed 
selection (11, 142) For well-studied bacteria, such as Bacillus 
subtilis and Sireptomyccs coeluolor, ordered yeast artificial 
chromosomes (22), ordered overlapping cosmids (385), and 
physical and genetic maps may enable directed selection. 
However, for many whole-genome sequencing projects, high- 
throughput random shotgun sequencing produces new sequence 
data most efficiently, .it least initially, though the accumulation 
of new data decreases exponentially with the number of clones 
sequenced (2X5) Selection strategies such as seeding or park- 
ing (27\ 41 1), followed by walking, gap closing, and finishing 
( ISO) are used to fill m the gaps The choke of initial strategies 
has consequences tor the costs involved in these later stages 
(.3^1 ), but the costs of , election strategies themselves are also 
significant Nevertheless, sequencing at rates of 23 Mb per 
month in the human genome project (3^1 | indicate the capac- 
:t\ to overwhelm some of these efficiency considerations >n 
brute-foiee sequencing and computational power This latter 
strategy, advocated bv Venter (45S), has been used in succcs 
sivelv larger projects. / l.wnntphilus influenzae ( 13(a). Drosophihi 
mcltitwt'tLshr <3^c. and proposed and implemented for the 
human genome i ! S"\ 45S. 4"4) In the -'use of bacteria. 22 
complete genomes ha\ , been published and ST are m progress 
i of which 1 2 were ,om; lete as of 1 1 Mav 2(HKI| iTHiR Micro 
bia! Database, www t:gi org tdh mdb mdb html), therebv dem 

vistraimg the tapid deployment ot sequencing technology 
I sine a combina!:^: 1 . t sequencing lechnologv and strategy. 
'A hole genome ^a;ue:u ng can even be a medc-iahoratorv ex 
eictsc. as :n the Ncqaervmi: of / j ( i,h ,, t t i,\ tat (is i 4 ! I. though 

it -i coverage oi adv ;wo it would barely be considered draft 
uuahf. in the numa: 1 . L.cnomc pioiect The numbers oi pr-»- 
\aivotue whole ee:anne sequences can 'v i-\pcc:cd to rise ran 

d!v a- funding !o; add tional genome scpiencme ic g . h:tp 
www beowulf ac uk i n- leases 

Searching for druu targets. C leailv :he Human, (icnomc 
ihciec i ! 1 ■s i w:!i haw i major impact on the identification . >t 
:v '-'' : ' : drag Pugcs. and these target- will influence 'he 

icMgn .a spL-citi. s.tee: s foi therapeutic drugs Potential th.ci 
.lpeuti, .a gets ^-j, h j-. \l/heimei s disease. anmo«:e:;es!s. 
.isthm.i. stioke. and ev-tic fibrosis, wire!; are human genome 
■.pectf-c. maltifa, :■ a i.t! r\l ofteti involve complex Mgna: ,as 
■ ides. ":n- *o dominate technojogv development 

'^rc^tn a-, i ven.smv. molecular screens are readnv dettved 

^"'C " e ^ nne ;n !e. ::.u '-oi^cv te. itrologjes 'ha! are dfv.n.e. 

ir.e pp CPinp r\l ump.c tne sequence data from P:ose 
■' • • 1 f^Mgliput robotic s.reenine Imp.a' 

- : c : ••. deo.:n for targets sue:, as I MY \ p- p v< 
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(243, 4M. 4X2. 4 l 'f>. 4T| leads to strategics tor rational design 
involving gene identification ("X. 2KM), metahohc pathwav 
analysis ( 252). or determination ot protein protein interactions 
using affinity methods Mich as the \ea.st two-hvbnd svstem. 
phage displa\ (3()3), or fluorescent -protein biosensors tltTi. 
structure prediction (CASH http; PredictionC enter llnl.gov I 
( 1M. 242. 305. 503. 507), and modelling (63) 

Rational design strategies have not been as rapidly success 
tul as predicted, but other current strategies that involve semi- 
rational design and high-throughput screening ot massive li- 
braries (26) owe much to rational design strategies. Recently, 
the move has been away from combinatorial chemical libraries 
to biological libraries, such as those based on peptides and 
antibodies, again directed by the role of such molecules in 
human disease processes. Leads identified by direct selection 
from initial libraries, by high throughput screening or biopan 
rung, are usually not optima! for the >eiected properties and 
hence are subject to further rounds of modification or muta- 
tion to generate derivative libraries. Hven then the rational 
selection of, for example, peptides which bind at the highest 
affinity to thrombopoietin receptors, which are readily select 
able, may not guarantee the highest biological activity, which is 
the required property (91, 296) Also, many human diseases of 
interest to the pharmaceutical industry involve multiple gene 
pathways, environmental interactions, and genetic predisposi- 
tion rather than simply direct causal effects (269). These lac 
tors also mediate adverse drug reactions and dictate the etfec 
tiveness of drug treatments. These considerations are resulting 
in extensive comparative genome studies of ethnic populations 
anil human disease states (269) and expectations of personal 
genetic profiles. "By 2035 we will have the ability to sequence 
the genome of every individual on the planet " (classified 
advertisement for SmithKline Beecham published in Suture in 

Whole-genome sequencing provides data tor such ration.il 
strategies ( ION. 152, 403) and lias become the chosen approach 
ot many large pharmaceutical companies The annotation ■ I 
genes and their functional identification provide a list of a'l 
potential targets ( "\S1 These targets need to be essential tor 
some vital function in the microbial pathogen, conserved 
across a clinically iclevant range of organisms, and significant^ 
different or absent in humans (5) The combination of whole 
genome sequences and tools for hiointormatics allow rapid 
searches tor specific genes with these characteristics Potential 
target can be identified ever for functions not previouslv iden 
'.ttied m specific pathogen., hi the basis ot I)\A and pioten 
sequence identification ot gt. nc function, and the required cs 
senna! nature ot gene o: then products can <v established 
thioiigh gene kmukouts i2 l, 4> oi gene expression studies : 
host pathogen interaction-. '"2. 3iU i With whole-genome s- 
.puencmg making posvh!;- p\ \ micr i \ir r a\ s ot n) whole 
genome ORFmer* uomplete arruvsot I >\\ oligonucleotide-, 
icpiesenting a!i the open leading tiames |()RK] identitied : 
:hc whole genome) i.vso, 4i>4. 4^5) or i n) specific Munatu! . 
oligomers, and their contiolv (oi whole classes ot series i .N s 
? x) ~i. the generation ot expression data fiom such studies 
'. :< i > hkelv to 'v on a scale to compete with and o\ertak. 
sequencing (icnoniks ha- contributed to this rational scare" 
tor drag targets hv providing a large set ot almost complet. 
ataiogues or gems, across a wide range ot organisms wind 
an v compared a' :uan\ ; c\cN I o:>er\ati m ot genes .ictos-. 
*vdc ranee -g ■•: 'a-.tMiis mav p.-o\ v - ;,i ; v a c^-o-A i :i.h, at :o;; 
i" s>e!tt:.i] ; : '.* ». • '. * > a:\! a minima! o 1 .a cssctPta 
-'"o ! m ate v an. '.. . .ie: :t.!:ed i 5 "- " ■ I pm.spos.m mutageucsp 

• " " - ..'nature tagged mutagenesis .. u-ed to \ . r ■ l 



1 1 pic pools ot mutants tor lass ot function l2()N) Identification 
ot probable targets m siheo allows these experimental molec- 
ular techniques to be used to search a smaller set of target 
genes, making them more directed 

These search strategies can be applied to characterized or 
uncharacten/ed genes (14), and the chance ot identifying a 
novel target may well he higher for uncharacterized genes. 
I'niharactenzed gene targets may be identified in databases 
such as COG (274) and PROSITK (214) as those that are 
conserved across groups such as microbial pathogens. Such 
targets still need to be identified as nonessential or absent from 
humans, and since the human genome sequencing is not vet 
complete, that involves an extensive search through other, sur- 
rogate, eukaryotic genomes (e.g., Succharomyccs cercvistae and 
(aenorluibditis cltxuns) and human-expressed sequence tags 
The alternative approach is to characterize the target after its 
identification as a novel target I /ndecaprenyl pyrophosphate 
synthetase (14). for example, was identified first as an unknown 
potential drug target and then characterized and identified as 
parr of a specifically bacterial pathway. 

Characterized gene targets can be sought using strategies to 
identify taxon-specific genes employing subtractive techniques, 
most directly between a specific pathogen and the human ge- 
nome; however, until the complete human genome is available, 
this is likely to be a complex and incomplete strategy. However, 
other criteria can be used to define subsets of genes to search 
using subtractive techniques. In concordance analysis, the se- 
quences present in one set of genomes and absent from others 
are determined, for example, bacterial genomes compared to 
eukaryotic genomes (57). Similarly, in differential genome 
analysis (22s)). a different algorithm has been used to compare 
the genomes of pathogens and their tree-livmg relatives in 
order to identity the genes present only :n the pathogen In a 
comparison of Haemophilus influenzae with Escherichia c o// 
(22 1 )). 40 potential drug targets were identified. Similarly, in a 
comparison of Helnohacter pylon with /. coll and //. influenzae, 
'^4 genes were found speciticallv in //. p\ion, onlv I ^b ot these 
were ot known function, and 123 of these were responsible tor 
known host pathogen interactions, leaving "3 potential novel 
targets ( 22S) 

The combination ot past know ledge ot the b:ochemistn and 
ph\siolog> of microorganisms and new insights into biological 
function derived tiem genome and functional genomic studies 
,an guide more specific search strategies Metabolic databases 
siuf as I co( ve i 2^2 i and KJ Or, (http- www genome. ad |p 

<eeg.kcgg2 himh nia\ enable the identification of pathway 
Mvcitic tor micro'v.T pathogens, the genes .ontnbuting to 
'liese pathwav- .an t'vn he used as potenti ll drug targets 
o" ■ 1 \s we'u o pp > taxon specific pathwav . different phv- 
! 'genetic imeages m i\ contain nonhomoiogou * en/vmes ca!a 
ivzmg common reactions , J^i T\pica!!\ differences are 
tunul between ;uoka!\otcs and cukarvotcs. though specific 
. n/vmic variants t>und in mote spec tic lineages, eg. the 
:oc locus in mvcohactcriu l4l and target > in ( nlamxdia (245. 

• M . I hese ttont-.v-rr.o.ogous enzymes pro'. :dc attractive poten- 
tial targets, as thev c.nt encode essential t inctions catalvzed bv 
Pitkrcnt mechanisms :hat can be ;n!tibited without the risk ,g 
inhibiting analog -as !unc!i-vis u: human- Mis- mg genes trom 
i-nown txithwavs v an, ; \- indicative ot sg.t; targets, while the 
Pi^encc ot genes anknovsn tu::ct;ou :n gene clusters can 
"a-ip :dent;tv t:\ >, ::".':ii>'-.g'Ub ,.u"A-f\u\ Other ^tia' 
eg-.CN ,an due, : o :> n. , : ,icgs ■■ a- .«? . xpected drug 
•.ogv-t . s.u :i io. '■: . ■ . ■ -eps.i<. -"p $ne trapsporte: - 
'""' M 'tomo . i-.: s . •■ w p ••• -t iter organisms 
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islands ( 1^3 I ami reveal the rapid div ergerK v ol these series m 
die evolution ol pathogens ie»(> l Jj. making tnem attractive hut 
difficult targets Similarlv. an essentia! function ol pathogens is 
evasion ot the host response defense mechanisms pathogens 
such as Haemophilus influenzae. Helicobacter /n/on, I'm hrm hia 
i <>»'/, and Plasmodium falciparum (W. 465) all show extreme 
variation in the targets of the immune system The presence ot 
simple repeats in prokaryotic DNA sequences has been asso- 
ciated (217, 218) with the concept ot contingency genes linked 
to phase variation of gene expression in pathogens ( 328). Strat- 
egies which combine search algorithms for detecting such re 
peats with the ability to display genome annotation, and spe 
cifically locating them relative to OKI's ot known function, can 
identify targets that are critical to virulence (403) 

Plasmodium falciparum is an example ut a major human 
pathogen for which new insights and strategies tor drag devel- 
opment are emerging The full genome sequence of 5 .(! Mb in 
i4 chromosomes, of falciparum ( http www sanger ac uk 
Projects P falciparum. whocXcwhat.shtml) is being completed 
(48. 155) Searching DNA sequence databases for targets ho- 
mologous to known drug targets in other organisms has revealed 
an aspartic protease (93). cyclophilin (38), and calcine urin 
(111), explaining the antimalarial activit) of cyclosporin A The 
full genome can be expected to provide manv more potential 
targets (479). 

Treponema pallidum, the causative agent of syphilis, is diffi- 
cult to culture, and little is known of the molecular biology of 
its virulence mechanisms. Its complete genome has been se- 
quenced (143) and analyzed for virulence factors, revealing 
several classes of predicted protein-coding sequences that are 
potential virulence factors (478) Whole-genome studies are 
resulting in significant progress m understanding these and 
other infectious agents 

Natural products. Nevertheless, it is unhkelv that some ot 
•he most successful drugs could ha\e been discovered bv am 
process of rational or senurational design I he mode ot action 

• >t the immunosuppressants cyclosporin A. f ; K5()(>, and rapa 
mum. which bind to ci.s-trun* prolyl isomerase and FKBIM2 
'nit then inhibit further steps m critical s;gnal transduction 
cascades (fW. 206). e.g. through calcmeunn :n the ease ut 
evclosponn A and bk5(lb. would be too complex to design Nor 
only is the mode ot action indirect, but these molecules are 
■ omplex The drug targets mav ha\e been .dcntified b\ com 
•curative genomics, since the\ are conserved trom uiucellulai 

ukaiAotes to humans, but the drugs themselves have require*: 
'he massive library generation and scicemnit t;::\i!\ ot natuia 
■•electron to evolve Similarly, two.if the most succcs-,tui ant: 
■na'iar.ai drugs, quinine and chioi ocuuv.ne. exert 'heir effect u \ 

nhihitmii host enctuied functions i ^su, i.optci • h.in ictivnie-. 
.mended 'n /' :pa'U»: itself ( 'hloioqume resistance in P 
\/A ;nu'u>u resides in a ; r> kl)a mu !cn<:de nc rue nee w hich con 
' .u us genes w hich aie a'! of unknow n t u net : i 42** i. aTmc w n : 

i"'-' ot the/' *aU:parum cenome i *. "v i 
1 loue'.et. m the search toi new classes ot antibiotics n\er tip 

as« 2o vears. traditional approaches* have al-.o tailed to dehve: 

lew drugs fast enough to keep up w ;th P e io-.s ot cite, tiv cues- 
e \ o. : ; r : o vlrucs .umuM mci eaMn>:!\ i e^;o..- ; : ■MjUcom'^ 

• i Start - ? i ,! < •< "i < 'o i a i f t ' < \ ar e pemcilhn i-. >: e.\' and •>< ; a: . 
■r.etnicil hn re^isPiu!. , t :id theic are uin'^ ::" c hum. I. man. 1 : 

•Pc. and the i'nited Stat;..-, oi vancomycin 'costanc; 'http 
a \\w pi ome dm.u! or ,\' \ I he . le \ e iotnue ■* ' ,? ■ . ^>'a:n e ma\ •• 
'••- •! w * "mpe:p>a'.n\ me. :\>." ' . ■ . p-j u o.,u. 

Vthomth 'here tre atPiPmtxs a:v :o_ j - the [ 
states if.d 2™ ::* . de*. .■Iopnie"t "p •.. .o.v phi ma 
\ ' .i::p.b:o:;e w.ix .ip:>i. L \i i' 1 \ ■■ nv •■■ ' « r\: o- 
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a tew siikc i ^ 1 . -+2 S i Thus, i audom screening search strategies 
are being abandoned :n tavoi .»t rational, target-based ap 
proaehes 

Molecular biology robotics, miniaturi/ation, massively par- 
allel prepaiation and detection systems, and automatic data 
analysis dominate the search tor drug discovery leads. Natural- 
product extracts and bacterial culture collections are not eas\ 
partners in this drug discovery paradigm I Tie separation, iden- 
tification, characterization, scale-up. and purification of natu 
ral products for large-scale libraries suitable for these high- 
throughput screens are daunting, and rational arguments for 
the selection of organisms and or natural-product molecules 
are often absent, especially given the poor taxonomie charac- 
terization of strains in natural-product bacterial strain collec- 
tions (A ( Horan, M Beyazova, T Hosted. B Brodsky, anil 
M d Waddmgton. Absti 11th Int. Svmn Biol Actinomvceies 
i i SV, luuu) 

Many of these screening systems are not sufficiently robust 
to handle complex mixtures of natural products from lll-de- 
tined biological systems (Horan et al., ibid.) and may be inhib- 
ited by interactions with uncontrolled physicochemical condi- 
tions, simple toxic chemicals, and known bioactive compounds. 
This has led to significant efforts in rational drug design, com- 
binatorial chemistry 1 , peptide libraries, antibody libraries, and 
combinatorial biosynthesis (27. S l i) and other synthetic and 
semisynthetic methods to provide clean inputs to screens 
However, natural products are still unsurpassed in their ability 
to provide novelty and complexity. In chemical screening of 
natur.il products (2IM complex mixtures of metabolites from 
growth and fermentation are separated, purified, and identi- 
fied using high-pressure liquid chromatography, diode array 
I A' visible spectra, and mass spectrometry Nov el chemical 
structures arc passed on tor screening, now uncontaminated 
with background interference from the original complex mix 
lure, and built up into high-qualitv. characterized natural 
product libraries This strategy suffers trom poorlv character- 
ized culture collections which make the choice ot organisms to 
screen difficult, and the inability to control the expression ot 
metabolic potential These issues are specific examples of the 
requirement for better svstematics, physiology, conservation ot 
microbial diversity, and data integration b'or example, tvpjcal 
commercial collection-, ot actmomveetes might consist ot 
2U (Kin to 40.000 orgam >nts classified at genus level on the basis 
ot morphoiogv and simple phenot\pie characters Has identi- 
fication mav guivlc P'ie eiioue of media and cond'tions for 
giviwth but w:li not aid 'lie selection ot sttaniv [Medic* metab 
olPes, -m optimize cximcnnio- tor drug di^overv These issues 
.an Pe tackled im;p the same tools and technologies t ho t are 
Jt:\ii',e 'i,e seatyn t.-r ti-ew druit tamets 

Searching lor ru*v\ itru^s. Th.e advent o T tin. complete Siter 
'■■m\cc* -..>c!i .-.■■> c.n.ome t http- www -,ane.er ac uk Protects 
S coehcoloi i provnles the opportumtv to explore the evolu 
ponarv md tunctiorm: : eiationships ot one ot the best studied 
and industrially and medical. v significant groups ot organisms, 
the genus Strep*. >m\, . s ]'hn advance will pi -\;Je new mtor 
mat ion to aid sear en .rni dis.oveiv ot no*, t i niitaiiMi 1 ^ and new 
! \oac pv e natiu a! pr> \i.k is i K Brown, H ' Choke, s B Kim. 
^ ( ^ ir.i. .,!ul \! i .-oodteiiow. Abstr IP; bp Svmp Bio! 
\c:i[t.'-mveete- i: \V>. P^^Ji. identity roles ,n ec^ kv siems i-P^.o. 
i"d lead 'o mpro\ emerps w\ b;oproce^ v on: r->l ■ 2" 2. ; '. . 
• V;s 1 Pn exist; pi ou i. s 1 \\- extent 'o w the in! um.it :on 

i 1 v';\ Pa r. k-v.N .;;v«" va i,pio.'i" i-.., >* 
o ! en'ouiVc etc ^ 

" •■■ en. vnpa -sed "v 'he n;cpi ( it ' «:tam p» stt.v e '\ictcP : •' t'fe 
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1-iS rDNA tree I"his taxonomic group is identified as a maun 
source ot bioactive natural products (h<)) As a result, major 
collections ot poorlv characterized actinomycete strains are 
tick! by most targe pharmaceutical companies However, the 
relationship between metabolic potential and taxonomic or 
phyiogenetic relationships is poorly understood Within the 
streptomycete clade there are well-characterized groups at all 
levels of taxonomic variation from supragenenc [Streptomyccs 
should probably be more than one genus [S B Kim, C N 
Seong, and M Goodfcllow. Abstr. 11th Int Symp Biol Acti- 
nomveetes 11:55, 1 C W]) to miraspecitic. At the genus and 
species levels, fundamental questions arise about biodiversitv 
m the prokarvotic world (314, 3ft2. 4hN. W) At the molecular 
level, this diversity is poorly represented Estimates suggest 
that less than a tiny fraction of prokaryotes have been isolated, 
and representatives of only about 10 to 15 r ? of described 
species are held in service culture collections. Selective isola- 
tion ot streptomyeetes from the rhizosphere of a common 
tropical tree, l\irasenanthcs f'alcutunu. revealed extensive di- 
versity around the Streptomyces ciolaceusnii>er clade (L Sem- 
iring, M Cioodfellow, and A C. Ward, Abstr 1 1th Int. Svmp. 
Biol Actinomycetes 11:69. 1WJ). 

Full 16S rDNA sequences are available in the ribosomal 
database (http:. www.cme.rnsu.edu RDP html ) for less than 
KM) of the 513 validly described streptomycete species. There is 
evidence that specific metabolites, such as clavulamc acid, mav 
be synthesized by strains in a specific clade (unpublished data) 
and that the ability to synthesize, tor example, streptomycin 
and related metabolites appears to be randomly distributed 
across the whole genus However, these conclusions are tenta- 
tive given the poor taxonomy, random screening, and limited 
chemical characterization of metabolites. Compounding this 
uncertainty is the complexity of regulatory controls; genetic 
Cl) and genomic methods have the potential to unravel some 
ot this complexity 

C urrently genomics lias little to sav at these levels (species 
and subspecies strains) most whole-genome sequencing stud 
ics have taken representatives ot the major groups (TKiR 
website cited above I or compared vcrv closely related strains. 
Mich as Hclicobactc p\!on (h) The specific mtraspecilic tela 
Monships in the streptomyeetes and the wav thee are reflected 
in the biosvnthetic potential to produce novel, bioactive com 
pound* could significantly influence strategies for search and 
discovery, screening, and htoprocess development Yo extend 
whole-genome studies to more streptomyeetes would reveal 
these relation-hips m a comprehensive wav which would en 
able validation ot cuireni methodologies (trom 1 f^S rDNA 
phvlogemcs to [)V\ I )\ \ pairing) and lead ta new under 
•■'anding 1 4 sp t c:at:on. pin !oge net u relationships, and genome 
tunction m secondary metabolism Howevei. whole genome 
••cqaencmg ol more streptomyeetes : -. an open question thu' 
woulj involve dittkult choices, anv -una!! number of strain, 
would only begin tc- address the questions above However. ;: 
must he possible to begin to address, 'hese problems using the 
<--!n<>!'>r guiomc as a template tei whole genome comp.u 
sons across the sti eptomveete Jade 

I 'he tunctio'ial analysis . >} the V . . v.Vi ■ v genome would 
ga!" significant herein trom a gteatei understanding ot the 
- eoiogical mchc and role ot Strert> ":w cs i .'Mi tor ubcr like 

eptomveete ,.V . ociu ol, .r -\3i2) is tor mat tv a svnonvm ot 
> i "\ ••• ■ ' 1 here consider able curt en: mteigs! in *!v 

t actmomwc; ;s and <\ ep:.*m\ ^ :to ;n :\u t;, ulai in na: 
ecosystems. c^ve,.il;v grassland I !v:i ! 've in , u K 
' l ''Ci and 'hen ;e-p -n--e to : ar.d management ['i.u'ko 
■lid be impoi tan: n maintaining son t.n mini n!,:,:n."\ 
h:i:ng a slut' ■.. oe,;^^: land man icemen' I! -w.\ et. ' .e 



ecological r ole ot .S ^oelicohjr {S \ u)Un comber) is poorly un- 
derstood, and in identifying the tunction ot unknown genes, 
knowledge ot its ecological role would enable answers (B. D 
Kelt, personal communication, to be attempted Clearly 

'he whole genome has a significant role in identifying the 
metabolic potential for activity and interactions in the soil 
ecosystem (4 ( >3) The identification of strains related to S 
coelicolor A3{2) and their detection using molecular ecological 
methods and selective isolation would complement functional 
analysis 

Although the discrepancy between organisms isolated and 
those identified by molecular methods is often striking, careful 
studies identity biases in both approaches and, with appropri- 
ate techniques, the ability to culture many organisms from 
specific habitats ( PO. 470) The importance of cultivation con- 
ditions has been emphasized, and the use of techniques such as 
extinction culture tor abundant oligotrophia fractions of the 
microbial community point the way forward (65) without the 
need for the concept of uncultivatable bacteria. Nevertheless 
the description ot a specific bacterial cytokine required for 
resuscitation ot Micrococcus luteus (329) illustrates the case in 
which neither medium development nor extinction dilution 
would be expected to resuscitate dormant M (ulcus (neverthe- 
less, M luteus is not difficult to isolate). The discovery of M. 
luteus resuscitation protein factor {rpf) was the result of careful 
microbiology (463) Its rapid identification across the whole of 
the actinomycete clade, including mycobacteria and strepto- 
myeetes, with implications for clinical and ecological isolation 
(250), was the result of genomic studies, and the identification 
of multiple qyf genes in Mycobacterium tuberculosis and Strep- 
tomyces coelicolor was the direct result of the availability of 
whole-genome sequences. The whole area of stress response, 
signaling, and global regulatory mechanisms is now being dis- 
>ec(ed in organisms like V coelicolor (309 344. 35b, 48ft) and 
'las important implications for growth and antibiotic expres- 
sion, affecting isolation and screening strategies for natural 
products 

The ecology ol streptomyeetes is of considerable interest loi 
.catch and discovery of natural products Currently novel 
products are sought tiom organisms isolated from extreme or 
"ovel environments C'), !()ft) However , the extent of variation 
within the compass ot the known variation ot streptomyeetes is 
diverse and comp ex < Sembiring et a I . abstr I, understanding it 
.-> tied up with problems of isolation and cultivation of the full 
diversity, spcctation. and expression of the full metabolic po 
"entia! I 'ruler standing the extent ot genes oi known function 
'i streptomvee'e genomes, identifying the tole ot genes ol 
niMiown timet. on and understanding regu atopy and stress 
espon.e netwoi ks will enable rational de-agn ot isolation 
methods and screening strategies 

Kinpmcess contrail. Controlling gene expression is essential 
:■ exploiting new drugs. ,n icseaieh and development, and m 
production in t er mentation processes In hiopioeess control, 
whole ( )Rb'nu r awavs of Strcptonnccs i oclicolor could be used 
'■■ monitor get e expression and phy stoiogieal responses ol 
strejitomvcetes >.e S *ra iuic and S t Li\ uii\^ent\ \\\ large-scale 
ret mentations '>e,;aence similarities acioss the streiitomvcete 
elade mav mea't tt'.at v:i!ual expression arrays i!5m mav be 
ased to monitor gene expression tor research and development 
•''•d tor opt:m:.\i::or iir j oin tro! ot antibiotic production 
^' -w\'- ::. ;r,e: ah o; i sm are reflected b\ networks ol 
i. mg aiul io: 1 ':>e genes so that incomplete and quahta- 
• ■'' '•' ' ' ! ce'-e :e>nons,' ,>* • igse mdustnailv sjgnit 
■ : "' :c . gg.j^ .deniitie.ilion and 

' p; eta.::- v n: n.ovv ledge o-j :ne s ,■ ,/,„ genome 
■'- ■ ••!•!*! .% gtwate ".■'>*•'•; e^ : ' ot nnportan' 
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physiologic t; shifts in h 10 process operation, identified bv trail 
scnptome analysis of representative terminations, by estimat 
:ng them trom secondary measurements using current on-line 
an J off-iine process measurements However current measure 
merits (substrate teeds, physicochemical measurements like 
pH. dissolved 0 ; , substrate eoncenti ations. carbon dioxide 
evolution rate, and oxygen uptake rate) would need to be 
supplemented with multivariate measurements which are sen 
sitive to biological state, such as FT IR (437), dielectric spec- 
troscopy (501 ). and PyMS (317). The problem with many of the 
multivariate methods is that, tor the complex samples from 
fermentation processes, they are black box techniques; bv com- 
bining them with transenptome analysis, patterns detected bv 
these techniques could be interpreted using the power of genom- 
ics One application of comparative genome analysis would be to 
identity specific DNA sequences which could be assembled into 
either specific {for individual strains) or generic arrays to monitor 
gene expression in streptomycete bioprocesses 

Whole-genome sequencing and rapid biotechnological de- 
velopments in the held of molecular biology 1 mean that the 
gene is seen as the drug lead and rational design as the route 
to drug development However, natural products are the result 
of a massively parallel experiment in combinatorial gene shuf- 
fling, mutagenesis, and screening for the generation of bioac- 
tive metabolites. And genomics and new technology (160) can 
promote the search tor new natural products by increasing 
understanding of biodiversity and the factors that regulate 
microbial growth and expression, complementing the synthetic 
and semisynthetic routes to drug development 

Proteomies 

Proteome analysis comprises three sequential steps: sample 
preparation, protein separation and mapping, and protein 
characterization Sample preparation mav entail cell fraction- 
ation and preliminary removal of more abundant proteins in 
ouler to detect those present m low concentration Analysis is 
very dependent upon effective protein separation, and two- 
dimensional (2-1)1 gel electrophoresis (most usually immobi- 
lized pll gradient followed bv molecular weight separation) is 
the present method ot choice Between 2,500 and 10.0(H) pro 
:eins are claimed to he resolvable on such gels (204, 244), 
while, in addition to determining protein inventories, the anal- 
vses can be made quantitative with lespect to individual pro- 
Mns (detection is possible at 1 ng with siKei st lining and at 
;css than 1 pg with fluorescent dvesi It is important to note 
ilia! posttranslatmna! modifications iPTM) wil 1 significantly 
increase the number ot separate proteins expressed from a 
genome and w:il no: ! v revealed b\ genome anr.otation. the 
estimates are 1 2 to i .-told tor bacteria and ."■ told toi eu 
kanotic microorganisms like S ■■<'.'< ww<jc • v>si protein c'nai 
Kien/ation achievevl 'n mass spectrometry ammo acid se- 
quencing and idenfitv ot PTMv to lowed h\ ;nt :r rog.iiion ol 
piotein databases In turn, this reverse genetics enables the 
\L:itit\ ot genes that aie icsponsihk toi producing a ;\u ticuLu 
phMein expression piotilc i see below) 

I he usual apfiroach to proteome an.d\Ms > !:ist m pioduce 
i 2 D map ot a:! :ne pi^tcris e\pi e^-cd undei so eailed norma! 
.onditions :n ordei to deline the constitutive proteome i 
111 'Uitan-sm I'hci eafter . qualitative and -m ,;uant:'a! iv e 
c". amies in the m^'e.'me can ; v , I'ar'cd us !^;o->^ to d;t 

-*.\si induced nv o ...... . ; " ( ,.n\ ;i< mmcm . n it n e. •. 

::e. and so or, In. is -eleierice maps and d.sta'v.ses : .den 
•:ed and un; dent :t:ed nonces aie esta':\;shed 



mmology is crucial, and the recent proposals made by Van 
Uogelen et al i4^3) are very helpful m this respect. Protein 
expression profile is the quantitative catalogue of proteins syn- 
thesized bv a cell or organism under defined circumstances, 
protein phenotype defines the character or state of a specific 
protein under defined conditions (e.g.. quantity, rates of syn- 
thesis and turnover, and extent of PTM); a regulon is a set of 
proteins whose synthesis is regulated by the same regulatory 
protein, a stimulon is a set of proteins whose synthesis re- 
sponds to a single stimulus, and the protein signature is a 
subset of proteins whose altered expression is characteristic of 
a response to a defined condition or genetic change— they mav 
relate to specific metabolic pathways or cell functions. The last 
cannot be distinguished simply by comparing two protein ex- 
pression profiles; rather, signatures are recognized only after 
reviewing numerous profiles obtained under similar or differ- 
ent conditions Vaiiuus signatures have been identified that 
are associated with microbial growth rate, ribosome function, 
and protein secretion (453). These authors conclude that phe- 
notypes and signatures will develop as tools for addressing the 
functions of unknown proteins and for evaluating the mode of 
action of physical and chemical agents. Put another way. pro- 
teomics provides a very powerful means of revealing epigenetic 
effects, i.e., effects that involve multiple genes. 

At present proteomies is being applied most actively in phar- 
maceutical research and development (16 90) in two principal 
areas drug discovery and target selection (e.g., via proteome 
difference analysis of pathogenic versus nonpathogenic organ- 
isms, normal versus dysfunctional states, and disruption of 
stress-induced protein synthesis) and drug mode of action, 
topological screening, and the monitoring of disease progres- 
sion during clinical trials. The latter group of clinical features, 
which are directed at gaining a fuller understanding of phar- 
macological mechanisms of drugs, is driving the new field of 
pharmacoproteomics On the one hand natural-product dis- 
covery and combinatorial synthesis can generate an enormous 
repertoire ot candidate drugs, on the other hand the demon- 
stration of their mode of action etficac\. and safety is hugely 
demanding in resources and time The advent of pharmaco- 
proteomics is set to transform these aspects of pharmaceutical 
development 

Although to date proteomies has attracted the greatest m- 
teiest from the pharmaceutical mdustrv its potential for ap- 
plication in othei areas of biotechnology is he my recognized 
Moreover the application of proteomies is not restricted to 
we!! charactei i.'ed in terms of genome sequencing- groups 
ot muioorgur.isnis f xploration ot the biochemists and phvs- 
ioiogv ot extremophihc and ext remotolerant organisms bv 
proteome ,ih.i!\». tor example, could icvea! much that has 
i e lev a nee toi 'notechnoiogv exploitation Mr eadv proteome 
expression. poMr.ng has begun toi sonic hvpcrtheimophilcs 
■ l'w. Z^n. and ithei studies such as these open the wav tor 
discovering st.mie en/vmes and othei proteins I-'oi example, 
the unusual group ot tungstoen/\ mes are found largely, though 
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!s in the area ot decontamination and samti/ation within the 
tood. pharmaceutical, and other hvgienc-sensitive bioindus- 
tries Proteome analysis ot stress responses is important here 
because it reveals global regulation of gene expression under 
different stress conditions Thus, a recent analysis ot the ps\ - 
chrotoierant tood spoilage organism fwudomnnas fragi re- 
vealed ovcrcxpression ol l )l stress proteins in response to chal- 
lenge from cleaning-disinfection treatments in tood plants 
i 4s" 7 ) Such information is highly germane to the development 
ot effective treatment procedures where organisms are known 
to counteract simultaneous adverse conditions by coordinated 
changes in gene expression 

The development and application ot pioteonucs constitute a 
very recent Held ot technology. Present limitations and areas in 
need of improvement include the resolution and characteriza- 
tion ot hydrophobic proteins which include major targets for 
pharmaceutical intervention (membrane enzymes and recep- 
tors) (90); quality of protein separation I.ViS). abiiity to detect 
very low copy number proteins {Z2h. 4sl); and improved 
throughput and automation 1^0. 22b) 

Biogeograph) 

Biogeographv is the branch of biology that deals with the 
geographic distribution of organisms and has developed almost 
exclusively with reference to animal and plant ecology. We 
speak ot endemic species as those that are restricted to j 
particular geographic region and "hot spots'" that are charac- 
terized by their high proportion of endemic species (342. 375) 
In contrast, species that have a worldwide distribution are 
termed cosmopolitan Is biogeography of relevance m the mi 
crobial world? In their seminal article on the b.ogcographv ot 
sea ice bacteria. Stalev and (iosink (422) proffer three reasons 
whv microbial geography is a critical topic for enquiry Knowl- 
edge ot biogeographv will assist in (D determining the extent ol 
microbial diversity, cm identifying threatened microbi.il *a\ (t , 
ind (in) identifying the ecological function ot a particulai 
species We wjl add two other icasons. those ol assisting 
search and discovery i knowing where to look) and helping to 
•esolve the dilemma ol how to conserve microbial gene pool. 
imv iatei ) Howevei. the tuM question to address r« whethe 1 
^logc-ogiaphv applies :o microorganisms 

Microbial ecologies have tended to accept MiiiKvvh.it in 
.nticallv the pronouncements ot Hciiennck and Haas Hcckim 
^ee reference 422 toi reteience^l that bacteria - and b\ exten 
o.>n all microorganisms i are cosmopolitan m Nencimck' 
\irns. ' everything is everywhere." !o which Baa^Bcckiri; 
iJded "the cnvnonmait selects ' \ numbei oj nuaofMch^iM 
ue challenging th> asseipon ot o >smopo! g an. ecogr :ph\ .!.% 
P^utior. Dedie i-J4D has quc'-t'.oncd wnat ccnof.pie ;-\e 
v -.m responds to cvcrx'hmg > -i the shccv as :n :!■; >* 
.immals and plants. . •: -he aiietv. . u the I )N \ M\juerue X-v 
what geographic *ca!c .oriesponds e\ e I v w hei c a sand 
Chain, soil aggregate, square metei. o: catena ' i.hicsp.ons sje! 
as these v an now he addressed \ er\ cntica!\ :;-.mg thi \c:g^ 
■ molecular bioiogv a :u i high lesouition chemom'tnc ap 
pi uches that ate available We would ugae 'hat mi;ieha 
•>■■ >geograph^ ''.;ui;:- >:nu;d be t.Miscd on the int! a--peci 
getiotvpic icvel 'w.i'.iv o! the intimate t l iat:onsh:p between 
"■v ironmenta! geonnpiv. ta. toi , and the speciation "1 micro 
■nanisms t ', xiseijucp'v we will adv-pt :h<. term geo'.ai '422" 
*: i geog: ap:i:. •. ii:e'\ ; , s niM o. <r gar.- -an 'lha! - en.denne " 1 

•ttaspecit:, Ic'.e. , : i.. ,a. ;n, rv . "^v «♦ 'cent* • \p 
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In the remainder -h this section, we examine the ease sup 
porting microbial endernisrn, while acknowledging that the cos- 
mopolitan hypothesis has its strong adherents. In our opinion, 
application of rigorous analytical methods has paramount im- 
portance in coming to decisions on this issue. For example, 
-.olely on the basis ot microscopic recording of cryptic abates 
:n a freshwater l ike and a shallow marine sediment, it was 
concluded that a substantial traction ot all known free living 
ciliates were represented in these two habitat types and that 
such abates had a cosmopolitan distribution ( 130). From these 
observations, it was extrapolated that "in the case of microor- 
ganisms "everything is everywhere' " Such a statement may be 
valid tor the particular taxon studied and the limited regional 
environmental range examined, but the restricted analytical 
approach (see below for discussion) presents difficulties for 
.nterpretation while we opine that the extrapolation to micro 
organisms m genera! is quite unjustified. Other protozoologists 
consider that main soil ciliate species show restricted geo- 
graphic or ecological langes ( 13S). albeit the percentage of 
endemics is low. Data on lnfraspeafic variation within ciliates 
are very sparse but presently indicate limited genetic diversity 
1 44). In contrast, a study of the diversity of I ibno anguillarum 
isolates employed a large battery of different typing methods, 

■ ncluding ribotyping. serotyping, lipopolysacchande profiling, 
plasmid typing, and biotvping (API. BIOLOG. and BioSys) 

■ 27S). This study revealed a high genetic diversity within the 
species that correlated with geographic distribution and host 
ipecies. The authors remarked that such relationships could be 
obtained only bv analyzing a large number of isolates and 
deploying a mubitypmg approach Similar geographic distinc- 
tion is known to occur within phytopathogenic organisms, one 
ot the best documented being that of Riilstonia solanaccamm 
.nfection ot crops sueh as potato and banana The most recent 
assessment of the genetic diversity within this bacterium has 
been made using P( R-restriction fragment length polymor- 
phism analysis o| the ; :>v \ hypersensitive reaction and patho 
genicity I gene region i ^4 » The analysis continued separation 
ot the species mv two ma|or groups, the Xmeiicanum and 
Xsiaticum diMsions. and revealed finer geographic distinctive 
vess. e e . souther- Xtnean i\IIi and noithern Atncan (I and 
II) clusteis and Reunion Island duster (V!b) 

\n interesting .a>: -t lestncted geographic range lias been 
icpoited tor bactena capable ot degrading the xenobrotk 
chemical ^cbhrorenzoate (.H HAi icm c ( BA degraders 
were isolated liom noiN ;n Australia, ('.nitoima. C anada 
' hile. South Aim a. and Russia bv grvws enrichment culture 
Isolates wcr e chat ictet :/ed on the basis of repetitive extragenu 
pa!:ndtomic V( R cenorne lingerin ;nti:tg and bv ARDRA Al! 
-t the genotvius ...ete releiabl: to the !/. l ;//c;e/;c> Hurkh ...V/.-.j 
^'^ap ot J ; \i,:ei;a. and >i ] of the genotvpes were 

:-Mh,l :o ne un : •■• -'tve gev^;rap!Pv !-\at:on from whkb, thev 
:-o:.ced. a:n: ^ n the ARI )RA Ppes w L re tomid onl\ 
•••• «'i'c ioc.cion ! '-.ese vlata stiongiv indicate that ; C HA eeno- 
'vpes are endeni:, the eeograpiuc regions examined At a 
tmei geographic ^ai. . endernisrn has b C eri claimed within rial 

■ a! -ommumt es t I muirun; , ,\ a iiU >u»\ i ! ^ i. sediments 
Horn t Mr eo tt/o-,. • ^n,., :r . •;,»:•••.•. : - bngiand eonlam ge 
".e::ca!lv disPn.* populations ot \ aa,P'7-o>: based -om se 
■:-icn,e analvsi. ■» p( K amphtied. >>S r U N A genes, identical 
■Cviue^.ces Aer • -ng :e,o\eied tro m [[ lL - Jitter en: spgs The 
sCviuer.ce e>iden. e ! * d'stmct hop'i'at:or> has '\'en .air.'i^ 

■ tte.l l w d:tle;e'\,s .;: nutrition i; and eneigv .'or'.ser. itio". 
" i!a.:ei:st:cs • 
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:»i what extent geographically distinct extreme sites m;i\ dittci 
and to what extent such sites harbor endemic and cosmopoli- 
tan taxa These authors reiterate, however, that without robust 
and retined taxonomic databases, this question will not he 
icsolved Supporting evidence tor the cosmopolitan distribu- 
tion ot thermophilics and hypeithermophiles has come from 
work on bacteria (e.g., Diermobrachium celere (119]), cya- 
nobactena (e.g.. Murocolcus chthonoplastes [154]), and ar- 
chaea. Stetter and his colleagues (425) used DNA-DNA pair 
mg to show that Alaskan and European hvperthermophilic 
archaea were cosmopolitan, and such evidence is far more 
convincing than that produced from partial lbS rDNA se- 
quences (154) However, the evidence for endemism among 
this group of extremophiles is particularly strong There are 
examples of unique isolations of prokaryotes (e.g.. Xfethano- 
tlicrmus sociabilis from Iceland (287)). and others where they 
are geographically restricted (e.g.. Thermus aquaticus USA and 
/ tiUfiirmis'Sw Zealand [402] and thermophilic fermentative 
anaerobes/New Zealand |37S]). A final example, also from 
Stetter's laboratory (409), again demonstrates the value, and 
desirability, of using DNA-DNA pairing analysis in this type of 
research. The arehaeon Thcrmoplasma volcanicum can be dif- 
ferentiated into three geographically distinct DNA groups re- 
stricted to Vulcano Island, Italy, to Indonesia, and Iceland 
together with Yellowstone 

The foregoing evidence regarding microbial biogeography is 
in large measure anecdotal It is imperative, therefore, that a 
framework Ik* established for determining whether or not an 
organism is endemic or cosmopolitan. The Stalev-Gosink pos- 
tulates (422) offer a major stimulus for conducting further 
research in this field Fulfillment ot the following postulates 
would he necessary to categorize an organism as cosmopolitan 
( i ) at least tour strains of the organism should be isolated from 
different samples of the ecosystem under consideration; (ii) the 
stiams must be demonstrably indigenous to the ecosystem oi 
host, (in) at least tour strains of a putativelv identical organism 
must be recovered from one or more geographic locations 
horn which the tirst strains were obtained, and (iv) the two or 
more groups of strains trom such separate geographic loca- 
tions must be subjected to phvlogenetk tinalv.es bv sequencing 
two oi more appropriate genes. It the strains .how no evidence 
ot forming chides, they can he considered cosmopolitan, oth 
erwisc they can be designated endemics oi geovars Stalcx and 
(iosink (422) aiso proposed a tilth but optional postulate in 
oidei to establish species identity ot putativ e geov ars Pobpha 
sic taxonomic analysis, in which. DNA DNA pairing is de 
rtgucui. must be employed in such a test thus, \\ two oi moie 
groups ol strains show geographic clustering and fulfill the 
cn:ei:.i tor heme difleient species, thev Nhould be named and 
described as separate, endemic species 

Research on the sea ice microbial commumtx > vieldmg 
tuithei strong evidence foi microbial endemism and has ivcn 
the subject ot an excellent review b\ Jim Stales and John 
tn.suik (422) Mere we highlight a tew feature^ ot this work 
that are especially germane to our o\eralI critique ot microbial 
l \. 'c^' igrapln Sea ice covers at least ; of the earth's surface, 
pi ovules a ranee oi mictoenvironments. and ai-taim. a diverge 
m: . r obi a I communitv \mong the sea ice : \ict :ria. foi example' 
u; M-me of the most psvchrophilu organism* xo tar desenbed 
I he mention ot leseaich groups m Vustruh i and the I 'nded 
Mate* 'Mi sea ice commumv.es in iccer! sear* !e! io main, 
vw "adena! gene r a and species dc-c ; ,;d ion s /'•,,;/:">; ■ 

C, f /<". ! .'i/o/\.\ u ' a:\l f\\ i>tt «\.'»7v:* l' 1 ', (' 
Ale < ''.uCiV:.; spn i-i^i. /'. J.'.;': ;■■ >2 . :> o.'o '.'< o< 
C. md "7( c" ; \., " {422 . Strains , .j < , /' v , 

" . ■ . ' . md :e'" a; re :soi.i\\i t|,>M] ■< • : ■■ .! 



Antarctic sea ice, and spec ies identities tor ( h 'ttnU'cobacter and 
Pnlunbuctt'f have been verified bv DNA DNA pairing The 
data indicate that none ot the species had a bipolar distribu- 
tion The strains of ' In obachr" have not been circumscribed 
bv DNA DNA pairing, but on the basis of major phenotvpie 
differences, distinct north and south polar species that again 
lack a bipolar distribution have been proposed Nevertheless, 
the authors prudently advise that "Not finding cosmopolitan 
(sea ice) species does not mean that they do not exist." In this 
context, it will be interesting to test the recently described 
Antiircticobacnr hcliothcrrnus gen. now, sp. nov (282) for bi- 
polar distribution It remains but to emphasize that lbS rDNA 
sequences are too highly conserved to permit rigorous detec- 
tion ot endemic microbial taxa and that other phylogenetic 
markers and high-resolution discriminatory procedures need 
to be applied to such questions. 

THK DKKP SKA: A SUTABLK C ASK FOR STUDY 

Why the Deep Sea? 

The oceans constitute more than 70 r 7 of the earth's surface, 
of which about o() r ; is covered by water more than 2,000 m 
deep Paradoxically, the oceans represent the earth's last en- 
vironment to be explored for its microbiology The abyssal and 
hadal oceans (depths below 2.0(H) and h,0(X) rn, respectively 
[56]) were regarded as biological deserts-— Forbes" azoic 7ame 
theory ( 151 ) The analogy now, however, is of the deep seas as 
rainforests, not least in terms of their microbial diversity. In a 
landmark paper, (irassle and Maciolck (183) attempted to 
estimate the macrotaunal species richness of the deep sea by 
extrapolations from a large data set obtained from the conti- 
nental slope and rise of the eastern United States. The\ con- 
duced that, conservatively, the diversity could exceed 1(1 mil- 
lion species and observed that about b(r; of the species thev 
iccoveied had not been described pieviouslv Although the 
bases tor this estimate have been criticized, the implicit mes 
sage coming out ot the study, as Mav has emphasized, "'is good 
reason tor more tuxonomists to turn their attention to the 
oceans" (313) This position is further reinforced it we take 
a.vount of the high degree ot endemism recorded in the deep 
sea (50 to 1 >U' . tor tieneh fauna [ 1 SS ] ) Thus, the marine 
environment, and the deep seas in particular, should commend 
dselt to microbiologists and hiotechnologists alike as a source 
ot novei "Mgamsms and exploitable properties 

In a iccent article. Demmg (10<i) makes a compelling case 
toi deep-sea hiotecimoiogv the deep sea encompasses the 
extremes ot most environmental conditions found on earth. 

• md the links between these and the implications tor biotcch 
:tolog\ search, and discover, are summarized :n Table , ; Con 
sequent iv the question we address m this section is the extent 
•o which the paiad. gm shit! m exploitable bioiogx is aihctmg 
:ne h:epjospect:m: ot the deep seas 

Di\irsit> and Adaptation 

\ ' 'ta!'\ unexpected degree ot diversitv has been uruovetcd 
•i maime microorganisms representing all domains and v iruses 
ind rccwcred trom ad depths down to the Challenger Deep 
d'.^~ m. i Mos; ihcsj discoveries 'nave been made in the 

• ast dec a !e. manv is t result of applvmg mo^vahir su:\c\:ng 
'-■ ""• ^ Whn^ .: > :■ 't Mr intention to make a compie 

- " s i- e tc'. :ew t "n -•. -w !afec ai\l ran' i'v >:r-. nv .r.-: h r erature 
•' ' : - t-'pic. we ••• a tew poind- :'na' have nv-d re!c- 

'■ '-"-e ' 't '*> .:•.*■..■. '.:> I setul starring points tor detailed 

• • • ' - :-en. ed;t:o-> ot t "ooks.-v v.: « and Hon 



sl-ARi H WO I)]S( ( )\ \-\<\ M k \ IF( ilh [Ok H\l )\ \ ( H\< )1 ( Hi X. 



I \U1 b 
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( >cean trenches 

Deep seas, polar ■ lms. o>!d seep-. 
Seawater 

Hulrothernia! vents 

Sediments, epibioses. an J swnhioses 

Saturated hnne^ 

f lulriK'.irhon seeps 

Deep sab-sea tit km sediments 



I him.n^ ^•n.'.Ll.e:-. 

I i i eh pressure 
Lou, temperature 

Ia>w nutrient concentration 
High temperature metals 

High nutrient concentration. 

defense mechanisms 
High sahmtv 
Hydrocarbons 
Anaerobic 



piosi>ei.tin^ upponunilies 

Nov:/] ,md unproved biocatalvsh and chemistr\ 

l old-a' ti\e ruoeataly-sts. bioicmediation. surfactants. 

hi laMtitree/e 
High-atlinitv catalysts and hgands 
rherm-istahle and solvent-stable biocatalysts, 

hiohvdrometallurgs 
Novel hioactue chemicals, sensing, signaling, and defense 

chemicals consortia for enhanced turnover rates 
Halotoleiant hiocatalysts, novel met ihohtes 
Kh uemediatu m. biolranslormat ions 
\nat-tohic biotransformations 
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koshi and Tsij|i] (221 ) anil the articles bv Yuvanos (5(>5|, I)e 
Long (101), and Fuhrman (US) 

The choice of detection and cultivation methods is especially 
cnticai when studying marine microorganisms The introduc- 
tion of ss rDNA sequencing has had a dramatic effect tin 
detecting marine microbial diversity, but a certain amount of 
circumspection is proper if reliance is placed only on this and 
other molecular techniques First, congruence between molec- 
ular and cultivation detection methods can be poor Our work 
on deep-sea actinomycetes illustrates this inconsistency: in one 
scries of experiments, the number of cultivable actinomycetes 
from bathval, abyssal, and hadal sites in the northern Pacific 
Ocean close to Japan ranged from l b v 10 4 to 3.4 x 10' CFl 
per g of wet sediment (SO) The lbS rDNA clone libraries 
obtained from the same sites, and in some cases the same 
sediment samples (2W, 452). failed to reveal the presence or 
markers of the actmomycete taxa which we isolated or indeed 
any actmomv cete signatures W e opine that while the view that 
the limitation-; of culture techniques mean that sequence 
based techniques may provide a less biased picture of micro 
bial community composition is generally accepted, it mav not 
ahsavs be valid and warrants rigorous testing Second, hiotech 
nology in a great main and probably most instances has a 
requirement for teal, not virtual, organisms, and thus research 
on wa\s and mean*- ot bringing a> vet uncultured organ sm 
into culture ->f u - li ki be given much greater prominence The 
taxon selective medium approach lot isolating actinomvcete' 
i see above I has been used to ad\antage m our laboratories u 
tecove: marine strums 

Classical gros, enrichment methods tor isolation will net he 
un:v eisalb appropriate tot marine microt ugatiisms Foi exam 
pic. Pie lug: \\ mgot i ophic naiuie ot main marine habit. i! 
indicates tha' v. hemostat and dilution to extinction culture pro 
vCviures he u^cd. especial! 1 toi isolating picoplanktomc or car. 
>m>. Ihc d. ait. on cuipui.' technique o,\ above) lias beci 
dep oV'Cd nii \ c^luil\ :o solute maime uitramiciohactenu 
Seawa'ci samples i up in Id" told dilutions! inoculated ml. 
filtered autoclavcd seawat.u produced growth utter prolonged 
incubation: 15 ot ''uctcnal strains recovered could onlv k 

• ud.ired on nuttien* media and represented obligate olig 
, 'i | 'o n - ■4u"i \nio:: :!p t.icaitapvc a!: i amicrobacter ;a tlia" 

were i-ohited w..s Vcmp <, Ms sp spam RB22v> (4os j ( vi:- 
d 'his .uga;-,:s;n arc not nnmatim/ed on starvation, but have a 
■ msistcmiv ■ mail v o'ume 'hat is :ndepe::de:V ot growth con 
~* I'be I >N \ . ;s veiv ou , i - Mhp. ; to \ > te 

• ^ ■'■ ouivui to ■ .t the / » nv: >;:.. genome i. .en! 
'nc •'\K , ctmm ,o : -, -v ..pa ope . opv oj ;hc r R\ A openm 

1 "" v op. a ■ \p;\ p. m. cult a: c ma one i soi.it c. ( o .. 

■••'• '<• ! .:e-'.'» M *n ^o,,ocd trom RcsurtecPon He 



Alaska, has a larger DNA content than Sphingomonas sp 
RB225b (br ; : ot the /■. coli genome) and again a single rRNA 
operon, This organism utilizes a few aromatic hydrocarbon 
substrates, and its specific affinity for toluene is the greatest yet 
reported for any organism-substrate combination. It is note- 
worthy that other strains of Cyc loci as tic us appear to be impor- 
tant polycyclic aromatic hydrocarbon degraders in the marine 
environment i 154) Similarly, for the isolation of strictly bar- 
ophilic microorganisms, it might be useful to compare the 
results of samples collected and manipulated without decom- 
pression. This point is well illustrated by Yanagibayashi et a!. 
(504). who showed that decompression of Japan Trench (6,2^2 
m) sediment samples resulted in a shift in the dominant bac- 
terial communities from barophilic Shewunvlla and Moritella 
strains at f>5 MPa to I'sciuUmumas strains at atmospheric pres- 
sure High pressure chemostat systems have been developed at 
die Woods Hole- Oceanographic Institute (236) and the Japan 
Marine Science A Technology Center (Yasuhiko Komatsu, 
personal communication i The Woods Hole group (494) have 
reported recently on copiotrophic. harophthc bacteria that can 
adapt to and grow at a wide range of substr ate concentrations, 
including oligotrophy concentrations, thus, numerically im- 
portant ol.gotrophiv bacteria mav be difficult to isolate unless 
technique*, such as extinction culture are employed 

The mechamuns n\ which marine bacteria adapt to high 
pressures are .en inadequately understood, but pressure-tee. 
alated gene LXpiesMO'i and its relationship to barophilv and 
ban^toler ance v gtaduahv being determined Pressure-regu- 
lated genes .ue believed \o aid pressure acclimatization in 
marine bacteria that are exposed to large vertical changes m 
the water column. Put the\ are also tound in bacteria that arc 
not subject t' 1 nres-s.jvc changes as result ot overiappmc 
etfects ot prc'S,,rc .mo other environmental stresses i32) 1 1 
date most work m deep sea "Parophilic bacteria has concerne 1 
taxa within the l'r m.-obacteiia ( '. !>\ i ,'! \f, •r;rcllu. Phot, 

a aipl v ' • .on and an umdemitied genus il()o, 
I'M i \mong these 'nicteria aie some that are extremely bar 
"philk Mich as pm "cw Iv desci :bed specie » Wantd'a cn./^n, 
Moated pom ( hallengei Deep of :»-• Mariana Iiench. 
a Inch, cr '^s a: oo to ion MPa and has an optimum - u MP i 
1 ; ^ ni i neouraenn: iMogrcss ha> !>ccri made on molecuiat 
nu'Chanpms bv Harden and his colleague, at the Scnpps In 
sptupon ot Ocean nnaphv. working principally with deep-se i 
! , 'i,';.-'\i i : t -'u t »:. and Hor.koshi and Kato a: the li\\\r. M o n 
Ncicr^n: and Iccoo^ ( 'e"!er 'JAMS II C 'i. whose mam to 
• ' N ;, ;v n o;- nn. \',i V::",i.;',v..,; o;..;-^ Kcv cr se-prcssut : 
onnn.P.on ot ,>:;•/: menv^anc p-.Pcin... na-. been shown :n *h: 
: n^vieraP- '\trop-p voon poo;,;;,": SS^ A to 

'" 4 ^ • ' ■' -' e\pre- . :• «. bnpi I protein v 



HI II M Al 



Ml' K' 'HI' 'l M «! fin »! . Rf 



airs at high pressures i 2s MPa). while at o ! MP.i the OmpI 
protein is produced in creates! quantity: a third pressurc-ieg 
ulated protein. OmpI, is expressed at 41 1 MPa Ihe OmpH 
protein is believed to be a relatively nonspecific ponn (4""i 
that may facilitate nutrient uptake under increasingly oligotro 
phie conditions ot the deep sea. More recently it has been 
demonstrated that Reel) function is required for high-pressure 
growth and maintenance of plasmid stability in P. profundum 
SSM (39). Pie JAMSTHC group have distinguished a ""bar 
ophilic branch" of Shewanella benthica strains that is distinct 
from moderately harophilic and barotolerant strains In the 
barophilic S benthica DB670S a pressure -regulated operon 
consisting of two small, unidentified ORFs (ORF ; l and OR! 2) 
.s under the control of a promoter (2S6) that has been cloned 
into Escherichia coll (255) and shown to have a sequence sim- 
ilar to that of the ompH promoter of P profundum A second 
pressure -regulated operon (ORF3 and ORF4) is located 
downstream fiom the first operon; ORP3 encodes the ( vdl) 
protein (25K). which is required for the assembly of the cyto- 
chrome hd complex A truncated respiratory chain has been 
proposed for Shewanella benthica at high pressure m which 
quinol oxidase acts as the terminal oxidase (253). The relation- 
ship between such pressure-regulated bioenergetics and bar- 
ophily remains to be elucidated 

Apart from these studies on bacteria, there is evidence for 
harophily (or barotolerance) in deep-sea protozoa Turley et 
al (448) isolated a Rode sp from a North Atlantic sediment 
i4,5(M) m) that grew exponentially at the in situ pressure (45 
MPa) but produced no growth at atmospheric pressure This 
flagellate was tolerant of decompression during sediment col- 
lection and subsampling in the laboratory but required high 
pressure for its growth. More recently it has been proposed 
that shallow-water flagellates may have adapted to the high 
pressures of hydrothermai vents and the deep sea. several 
kinetoplastid and chrysomonad specie ^ have been grown ,it 
equivalent in situ pressures up to M) MPa (IS), while a deep 
sea choanoflagellate isolate encysted at pressures gieatei than 

- MPa 

I he recent discoveries of additional deep se;i environments 
i sub-sea floor sediments, cold fluid seeps, brine lakes, carbon- 
ate mounds, mud volcanoes, hydrocarbon seeps, and gas hy- 
drates) open up entirely new opportuni'ies loi hiopiospectmg. 
The sub-sea floor sediments, the a\eiage depth ot which is 
M>(l m and which ma\ extend down to .e\eral kilometers, aie 
estimated to contain a bacterial bion.a.v that in equivalent to 
about 10'' ot the total ti-neslri.il hiospheie i5f>4i! \ table bac 
renal communities have been found m sediments at a depth ot 
"0O m and the linear rale ol decline m population sizes 

indicates that bacteiia are present 'o even epea'er depths 
Sultate-reducing bactena recovered tiom deep sediments hav^ 
■ven shown 'o be Kuophthc. with maximum cr 'wth, -..cunmc 
c the m sstu pressure u ; *>^). a finding th.it confirms then deep 
-e.i ougin Novel specie* such as Dcs.d:< >w'v: f > nn>*un,l:i\ i>- 
have been described tiom Japan Sea deep xcdmients. and it i ■ 
increasingly clear that '\tctena of this :\pe are widespread it- 
deep ocean sediments i }} ) 

Svmbioses ot various 'vpcs aie a dis:aict:\e :ea'uie ot • n. 
name environment Numerous exam pies ha\ e ' ven dese: ibe. ' 
m which aichaea. baclena. t'ld euka'\op, »v pi op 
nave established stable .r^. v:at ions w :;h mela/oan. h.'ss C 'a; 
:e"s' inteiest :r main 1 .' >\m ; v,Ms ;r\ lade-* 'he .; . sp. . . 

- ■ 'i i':on : mel.i/i .o • e - ......i ;: m ; . : ;vi -i. .-. 

:v.diotneim.i; \ en: .t've u , u , ni.o ,i />'t^: ,: '.'. ■ •:: ■ : .. : 
' ••n.xhips pi; i 1 he e.e.;ar* re-eat. - ' ! 's'/ . ■• s . : ; 
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methane seep mas, els and trie association of sulfide oxidizers 
with othei bivalves m the latter ease the exclusive association 
oj bacterial chides with particulai families of bivalves has been 
uncovered Subsequently, the coexistence of methvlotrophic 
and sulfide oxidizing bacteria has been confirmed within single 
cells ot a hydrothermai vent mussel ( 1 10) The range of meta- 
z.oan hosts is extensive (at least seven phyla) and, apart from 
Bivalvia (mussels and clams), it includes Calcarca (sponges, 
with archaea. bacteria, cyanobactena, and microalgae), Antho- 
zoa (scleractiman corals with dinotlagellates and bacteria), 
Annelida (ohgochaetes with bactena). Polychaeta (vestimen- 
tiferan tube worms with bacteria), Crustacea (shrimps with 
bacteria), and Holothuroidea (sea cucumbers with archaea and 
bacteria ) 

The bacteria] diversity and biomass of sponges can be con- 
siderable, e.g.. the selerosponge (eratoporella nicholsom is re- 
ported to harboi up to SO bacteria! symhionts (401 ) and to have 
nearly UY'r ot its mesohyl as bacterial biomass (487) Bacteria 
isolated from (" nicholsom were not found in the surrounding 
seawater, Sea squirts ( Ascidiaceae ) may carry diverse bacterial 
communities, e.g.. b() strains including 17 actinomycetes asso- 
ciated with Polysyncraum lithostrotum . although details of the 
tissue distribution are unknown (36). Information is emerging 
to show that the phylogenetic diversity of endosymbiotic bac- 
teria of specific marine invertebrate hosts can be very wide. 
The gutless ohgochete Olavius loisae associates with one -y-Pro- 
reobactenum, one u-Proteobacterium (a novel finding), and a 
^pirochaete (113). The endosymbionts of Pacific vent worms 
ind bivalves include heterotrophs and chemolithotrophs. 
among which have been described lulturable multiple -heavy- 
metal-resistant strains (23S) and uncultured filamentous r-Pro- 
teobactena (1°4) In contrast, the mam producer at mid- 
Atlantic Ridge verts > an epibiotic monoculture of an t-Pro 
•eobactenum associated with the shrimp Rimican.s exocidata 
■3~M). The full diversity of vent faunas is also not yet estab- 
lished, as the discoven of new species of shrimp at the mid- 
\tlantte ridge confirms |30X). Monocultures of svnibionts also 
nave been reported from certain sponges, the bacterium m 
question has not b;en cultured and was not closelv related to 
anv major group ot the Eubacteriu (4(H)) Archaeal svmbioses 
are known to be established with deep-sea holothunans (.MS) 
uul with a temperate sponge i'en irchaeum wmhmsum repre- 
sents a new genus c\ nontbermopbihc crenarchaeote which 
•ornis a monocudure with the sponge (3"'M 

In tins brief sLiecf.on of marine miciobiai diveisitv. we turn 
:mall\ to ,k tinomveetes \cn tew survevs have been directed 
■ peciticalK at maiuie ,u " :nom\ eetes. -Hit the available evidence 
points to a wide \i\onomic dixersitv and distributions through 
out marine habitat- ^'c ; ^4. 45h. 4S.; 1 \\ hether aclmomvcetes 
*h.it arc re^ovei.d rr«>ni or detente .1 m marine habit. its are 
[\Iigenous remans an open question I\> date two species. 
:>!Ct:id »hin\ and Rf-- ,;<-, , u.s nur;r. e'P. arc tegarded as 
^ona tide mdigcn- matine acti^.omvcetes. but evidence is 
growing to support the view that others also might be catego 
• ized as indigenous \1oian et al 1 325 ) found that Spv/Vo^wv* 
species contnbu'ed an avLiage ot neatlv 4' the !\ictena: 
•'Mumumt\ ol ;:: o,-p ^edunen's t pi eonckuled. moreover 
'ha ? wash :n of q\uc~. of !etiestr;a: species was not t Ik 
•ource ot :!u'sl- \\ -pu'.aPons The .wtivitv ot these Sfi-pi, >nm c< 
popukitions m sip) w.i> adducevl from increases m po|>ulatn>! 
^•'v^ md ipopis .pe. *p rlvN \ !..c'.«w:ne unetulment of sed: 
:nen; eou-s b-. -ur sp.idte^ ot P.Kiti. (J.ean sites. , ulturab'k 
P'P'mv, ete " ::rC\T > w^te ow p:p us.i.idv u-pi-.we n*ed Jess 
" ■i" ' 'i ot.. v i.taial^ie \- n,muc vites (Ok: 

'"•ov.i ; : • .rr. in R.nuv up) lat a:. ! -e-vhes a: depth> p 
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absence ot the terrestrial wash-in marker Thermoactinornyns 
(SO), again providing presumptive evidence for indigenous or- 
ganisms. The question of indigenous or terrestrial wash-in or- 
igins of marine actinomyeetes is not crucial in the context of 
searching for novelty Terrestrial or shallow -sea actinomyeetes 
uiuld have adapted to the high pressure and other selective 
conditions of the deep seas and undergone considerable spo- 
liation: such speciation, or genetic diversity at the mfraspecics 
level, is a potent reason for evaluating these organisms for 
their biotechnological potential. 

Comprehensive surveys of bacteria with high Ci t C contents 
in marine environments have not been made, but to date it 
appears that members ot the order ActmomycetaU's are partic- 
ularly abundant and widespread. Members of t he mvcolale 
taxa Corynchuctenum, Ihctzia, (itmioma. \i\cobactcrium. and 
lVu)d<K(KCus have been recovered from various depths m the 
Pacific Ocean (SO), while \fnromono\pora and Strvptom\i vs 
species tend to be more abundant in coastal and hathval sed- 
iments (32D, 43h; S (' Heald, J. Mexson, M (ioodfellow. and 
A T Bull, unpublished data) Analysis ot loS il)NA se 
tjuences indicates the occurrence of novel taxa anions these 
! .olates, while PvMS studies have revealed considerable in- 
t-aspecitic diversity within rhodococci and nucromonosporae 
i ■>(>. 32th The congruence ot PvMS and numerical taxon -de 
i ved characterization ot a collection of deep-sea Rh< u/o; • 1. 1 u: 
folates was shown to be very high icu w; i (Si) The sn:ni! 
i ance ot thi» result lies m the tact that l\MS characterization 
. t cnvnonmental sliains can be ascribed directlv to the pile 
rot\pic sanation sought T > m biotechnology screens I he mo<e 
i . \ent report fiom the JAMSTI C group also confirms tru 
piesence ot cultutabie actinomvcetcs ;n deep-sea trenche-. 
■ -."V' and lo.sw" mi t 434| At least one ot these i-ohites ;■. 
^'i-eK related to Ihn:ui maa\. bin otheis aie putative ucv 
Npecies. a high ptopoition of the isolates were designated as 
■!kaliphile> i is! dated at pi 1 " I 

(.tnomics and Pnittomus 

V:pc p'*wi genomes ol m\ aKiiaca and !W" 

»0itcd tPMii marine habitats have been completed scepicrpc.i 
t:\! published. whoe a tuithci thiee and :wi toun ea^ ; : .!>> 
"' respCv !;v civ . .p. piogtcss I :p->- l -.ii'aniMiis lepi.^etP 
.spe;::n:nuop;ihK ar.d mctlianoeetp. / un. x i /.\; : ';:;;;r, • 
php.v ; \ictena. ,va::o'\i.!ena. ap.d pr-\-h!orophv!c- A;p-:p; 
'"cm ai. P'e P?s; .t:.::aeon to be sw\;uei;ced iA/cp\o: ... , 

■ V'P t:ts: sviltui mePib»»;:/n^ .MtM^M: 1 !■ 



c ha t'( globus fulgutus [26/)]), and i'rochlarococcus marinus will 
be the first pieoplanktonie bacterium to he sequenced. The 
information presently available is largely related to general 
features of the sequences, such as the identification of ORFs, 
average length, and the annotation of coding sequences (Table 
4). Predicted functional homology of putative gene sequences 
has been verified only for a small number of proteins (e.g., 
acy lamino-releasmg enzyme from J\r<H<>ccus horikosiui [234]; 
a highly heat-stable protein repair enzyme from ThennotoRa 
maritime! [230]. and a novel nucleotide triphosphatase from 
Mcthanococcus <anna\chu [22"]). The interrogation ot se- 
quence databases as a means of identifying functional proteins 
needs to be done with care (see reference 3% for a critique 
and 3hl for a cautionary tale). Aurora and Rose (1M) recom- 
mend that comparisons are better Based on predictions of 
secondary struct, ire rather than on primary ammo acid se 
quence, and thev demonstrate the approach with reference to 
the thymidylate \\ntha>e of M lannauiui, using primary struc- 
ture alone, the conesporuhng ORF could not be assigned In 
summary, genomics ol marine microorganisms is at a vers early 
stage, and it w ill be some time before biotechnology will exploit 
these databases cliectivelv It is clear trom Table 4 that in all 
mar ine miciobiai genomes to date, the number of genes found 
but not matched n the databases is high and m some .uses verx 
high, a tact that spmmates the search tor novei phvsio:og\ and 
biochemistry ;n these organisms Comparison of the M :an- 
'uiuhu genome that of Mcthwu >ha:tcrium tncmhhiutotro- 
P'.Pi .•<": i .41 2 i reveaN considerable divergence between these 
methanogens. -ov 352 t ) ot \l rhrmunmnuntphnnm 
ORI s eiKodcd -.\iuences that are gteatei than 50''; identical 
v V -' :,: "' s pi 'terns Ouitc otten genome sequencing has 
proceeded \r. i.i'. ,c\e .it the development ot adequate cult: 
vation systems , e , Mctluviobacicnum ilwmhhutwimplih um 
^2! and Wo.'/:.;': •. . u\ ia>:nauhu 1330] i. with the ie>ult that 
'vochemica! p*'. c-Puat;ons have been hmited bv the inability to 
pi.\hue bion. ,ss 

1 'ic ;im\u: M p[ -'e< Mines on man::.' mtcr ■ 'Bioio^y and l \o 
•c, hn-!.H:y negligible The ie.()onses ot f\n h o ( <u s 

."•^o to u'!\pv:> equivalent to m mpi pressure and tern pet 
i"ue and to avcc' 1 nav e 'ven numitored bv one dimen^iopa: 
■'•■•■op d'\!;.v ite ■ SDS ; polv.Kixiamule ge! electio 

: '- ss ' \!!h.o.;j;h Neveta! changes ■•: w 5 \\e 

..c. pi. Pep: PP'P e w eic '^vpp\I 3 M pe 1 te-olupon o; pr < 
■^pP e^ -p.:o -p- ; C:po Pp.] a> c -.s-ptpt; foi pp.ea:::p; 
■ » : p : .t.L .,;;atcp -epapppp: protep> -p 
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-Tiler M Jo microsequencing analyses Recently 2 1) PACil 
has been used to prepare reference maps ot the ultranucrohac- 
tenum Sphinxomonas sp. strain RB22^d i 125a) These maps ot 
exponentially growing hatch and ehemostat populations will 
provide benchmarks tor investigating the regulation ot gene 
expression under diti'ciciit physiological conditions imposed b\ 
the marine environment It is well known that the exposure ot 
microorganisms to "marine factors" (see below ) can elicit ma- 
jor metabolic changes and the synthesis ot biotechnologicallv 
exploitable metabolites Consequently the analysis of protein 
expression profiles and protein signatures under simulated ma- 
rine conditions offers the possibility ot detecting novel metab- 
olism 

Biotechnology 

A number ot recent reviews attest to the enormous diverts 
oi chemical structures, bioactive, and biocatalytic pioperties ot 
marine microorganisms and invertebrates (37. 94. 124. 125. 
240. 502). The majority ot studies have been on bioactive 
chemicals tor use m the health care tield, but even here the 
number of reported structures is seriously underestimated be- 
cause synthesis is frequently induced by a combination of so- 
called marine factors. These are known to include salinity, 
micronutrients, eopiotrophic and oligotrophy nutrient condi- 
tions, pressure, temperature, and extracts of marine animals 
and algae. Such a range of conditions for provoking wide gene 
expression is rarely tested during screening operations. Also, 
we reemphasize the importance of screening infraspeeific di- 
versity in this context, a highly topical illustration of which 
concerns the potent anticancer drug candidate brvostatin 1 
Different populations of the cosmopolitan species Hu^uhi 
ncritmu produce different hryostatins. and two distinct chemo- 
tvpes of this brvo/oan have been identified i9S), onlv one ot 
which produces brvostatin 1 The question has been raised 
about the novelty of marine metabolites That marine inverte 
brutes such as coials. ascidians. and sponges ate sources ot 
completely novel chemical structures is unquestionable, and 
several tit these are the sublets ot clinical evaluation (KM) 
bvidence also is accumulating that marine bacteria svnthesi/e 
novel compounds, among which antibiotic, antiviral, antican 
cei. and pharmacological activities have been described (240). 
and that marine archae.i mav be s-mtces ot new secondan 
metabolites i 391 h 

( onsiderablc success .:i discover in t: new marine natmai 
products ha* come from hioiogicai and ciiemical screening 
povedurcs However, an appreciation ot the chemical ecology 
>it the marine biota P>!. ; do is impoi taut in making significant 
discoveries. We have ictened previously to the extent ot svnv 
!> :ot:c .is>oci.itions m the oceans, other ecological tiaits such as 
deterge mechanisms, nie'le protection. signaling, (ceding siraf 
- i-icv and tile a' n :htv v Eleven! coi.'-m/ation by cpibiouts can 
ptiw ide clues tor the de\ ;t:on ot n.ovei natural products I low 
cvci. several majoi problems confront research in this tield the 
concentration ot the active compound is otten extremely ow. 
v hemicai synthesis ot the compound mav he difficult and costlv 
due to its structural complexity, harvesting marine biomas- lor 
.huv; extraction oi Pk ^iiiiivmnJ is almost certainly urisus 
\unahlc. and the hnwy nthctic iMigm ot the compound mav 'v 
equivocal under circumstances m which a svmbios^ is mvoh.cd 
Solution* to Hies- :>r-> ; \ems ne n-und 'w ^nmpne. the pi - 
:u,e: u nanism :".t ,i\ -r .it« mv . mtuie and 'pt:m;/::n: 'he 
■ piMopratc k , imi ,M ! iP.t :m\css 'der'itvnc the ^roduee; o: 
',i>!:mh i In moiccihai method- :t ' pi - >vcs to : v .\ :;cu!t ;n ,c\e ■ 
eoi ;;, en screemm: nutrjh o] re,u*;d tuXa a:\i n i^r^ \ t \ 
-r t i :m liated me.! • c : . »"dp- >»n • . -s c oed • iy . : 
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synthesizing chemic... analogues, and testing the synthetic ca- 
pability of the separated svmbiont partners 

The monoculture ot the svmbionts is not invariably a facile 
task, but it has beei achieved Flowers et al (13") used density 
gradient eentntuga' ion. to separate (hailatonu spongehae from 
cell populations ot the tropical sponge Ihsuiea herbacea and 
showing thereby that it was the cyanobacterial partner that 
produced novel ehlorodiketopiperazines. Using the same tech- 
nique, the Queensland group also reported that it was cells of 
the sponge [lialuhmu sp.) rather than a dinoflagellate svmbi- 
ont [Symbiodinium microadnaticum) that produced cytotoxic 
alkaloids, the haliclonacyclamines (157) Bacterial svmbionts. 
identified on the basis of lhS rl >NA sequences as Antaraicum 
it'suulaium and P\\chrt>\crjH-ns buioncm. have been shown to 
be responsible for the neuroactivity of another sponge. Hali- 
chondnu panicru (37<i). Progress is being made in the cultiva- 
tion of sponge, eeiis that maintain the desired physiological 
state (352). an advance that will also encourage the production 
of bioactive compounds In the case of the brvostatins. the 
endosymbiotic vrVoteobacterium "Endobugula sertula" has 
not yet been cultivated and probably requires special condi- 
tions for its isolation (203). The importance of studying iso- 
lated symbiont partners is reinforced by work on sea hare 
metabolites. Sea hares ( Gastropoda) produce a large diversity 
of bioactive secondary metabolites, but it appears that many 
such compounds are probably of cyanobacterial origin (e g', 
dolastatin- 13 analogue [ 199]). 

Chemical synthesis of some of the novel marine chemother- 
apeutic candidates is being achieved Most notable, perhaps, is 
work on the anticancer hryostatins. Thus, the total synthesis of 
brvostatin 2 was reported recently (120), while simplified ana- 
logues of hryostatins 1 and Id have been synthesized that retain 
their protein kinase ( -inhibitory- activities (4X0, 4 S I ) and which 
present real oppoi tunities tor developing chemothei apeuPc 
age nts 

Biocatalvsts with novel or unusual properties are regularly 
iepoited from mar me microorganisms, principally bacter ia and 
archaea (221) Much ot the interest ,n marine en/vmes ( s 
related 'o their .irivitv and stability under extreme reaction 
conditions boi example, the first report of high-pressure en- 
hancement ot deep -cu bacterial en/vme activity was published 
only s years ago i;5"*i Alkaline serine protease activity ot a 
yv'/ow/a/M sp ( isolated trom the Jaj\m I'rench at n/lX) no 
was nearly double-! it mi MPa compared with atmospheric 
pressure, wherva* -'fe: proteases were stable but not activated 
'n elev a'ed pre >sui es I here s ev idenee also that some en/vme 
production by deep sea l \tctcna can be increased by high pies 
Miles i2'vS| The irteraction between inch pressure an I high 
'empeiature or en-.nie activity and stability has :> L -en exam- 
ncd l w Michel- an 1 ( :.uk (521) A protease activity ot \frrl: 
" • ' s '•creased up to l;M and could -til! be 

nieismedat 1 -m , ; o lU :i\u\ and thermostability mucuscd 
with p:essuie siuii it 5it MPa the reaction rate aid sta 

hihtv at 125X wei: enhanced 5 4- and 2 " fold, respectively. 
Similarly, press ue Ca-ih/ation oi |)\ \ polymerases ha> been 
icported foi vie :p < • , hv pert her mophdes jJ';, Anotiter prof 
ettv ot 'noeatae-s*. •■• i: \ u . !';a;- h:;a,n::,,, unpoita.ice is 
Mli -— ' '^leran.-e. eveia! highly tolerant ^actena and yeasts 
degia le ,rade o;i. po:\ aromatic hydrocarbon v an. I 
^v-les'ero! :• e e ; ee" tecover.J trom deep sc. i s-duneu!-. 

1 • - deep ano: p.- .n ^ as ..te envu.-nment ^ !:. • , :: v o'd 

u:-.e en/vmes , v p :v ; : t p:d e^-e c . -s .:: 

•empeptture -per.i . - v -\amp-i.. •-. , pr- 

• ' NN '--c ^:ea::::p; ai.en.tv .m.d ' •. ; e:r.e» !. c : ••• . ;2v 'P>i f he 
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A!icn/mttf:u\ halt tpUi/u Us has been subject to detailed hioph\s- 
id! study ( 1, i2f>j in order to determine which factors confer 
conformational flexibility and hence efficient catalysis at low 
temperatures. The wild-type enzyme, which is produced at fi * 
2~(\ has been overexpressed in Escherichia call (12"), where it 
folds concctlv it the temperature is maintained below that 
causing irreversible denaturation It has been proposed that 
this bacterium he reclassified as Pseiuioaltcromomis haloplank- 
r/s ( 15S). 

Comment 

It is pertinent to ask what impact the paradigm shift has had 
yet on marine biotechnology search and discovery In terms of 
the discovery of novel organisms, it is clearly the case that 
molecular taxonomy and ecology have revealed unsuspected 
levels ot diversity Nevertheless, the practice ot innovative mi- 
crobiology, as illustrated bv the exploration ot the "deep bio- 
sphere' (3b4) and the cultivation ot fastidiously oligotrophy 
picoplankters (f>5), impresses the necessity of not neglecting 
microbiology per se in favor of molecular approaches The 
expression of symbiotic associations is extraordinarily large 
and diverse in marine environments, and their intensive study 
is likely to be very productive for biotechnology. The impact of 
genomics and proteomics on the biotechnological exploitation 
of marine microbiota has hardly been felt yet, and the first 
cases of genome sequencing are mostly oriented to hvdrother- 
mal vent organisms (iiven the preponderance of the marine 
environment on earth and the importance of its microorgan- 
isms in effecting global homeostasis, it is crucial that represen- 
tatives of the dominant or abundant planktonic taxa be 
brought into genome programs. The sequencing of bacteria 
like Sphmftmumas sp strain RB225b or ( Yc/ot lastu u\ oh^otro 
nhu.s could reveal new understanding of oligotrophy, viability, 
and now to tackle the pioblem of ditlicult-to-culturc hactena 
The continual discovery of novel chemistry in marine micro- 
organisms amply notifies the claims foi natural-product re 
search developed eailiei in this review While the require 
merits of the ftVaith care sector are likely to remain the 
puncij\il driver ot seaich and discover, the marine mieiobiota 
Piesents an enomious diveisitv of options (c g . hulrocolloids. 
polyunsaturated tattv acids, and antitouhm: compounds) fo- 
wider biotechnological development 

( ONSKKN IN(, MICRODRCAMSMS 

lhe value ■ M microor ganisms ;;i both dnect and indue..' 
".ei ms has been -tiered on manv occasions during the debate 

>n biOvhversitv and its consolation '-"\ s \ 4.^) Because or 
::u'u dueet v.iluc .is a moo m lesouiec tor luotechr.oloev devel 
■■pmcnt. the conser a'.ion ot microbe ge-nc ;mi'N is a ^rada. 

ssue In the past th - issue has K V n , u 1J Us ^J ulmos: entire 
from :h,e standpo;:'.- ot e\ situ .onsci v.iti^n However. ;f :iu-. 
"M'liU' ::ici easmglv obvious that this s'piatco on its own • 
quite inadequate to: ensuring conseivution m anvthirg .ip 
ptouchmg a meaningful wav In tins section, thcrctoie. we 

u cue toi .i complementary ex m!u -n situ strategy toi mico>b:u : 
. ■ ">e r\ it !- it- and U!.:c T ha* i eorvePed im^jILiP! tor 
. ■ t';o:' l \ .i pi .. a :'\ 

Hm\ Do V\t know What I n ( Onstrve? 

\\ ■ rnes axaau.it., ' ha! we w ; i! not know u h.r *■ 1 ^e^r.: I '-p 
-.Pi.Piort :\is 've" -tared urv.p.nv ■ \ i!:\ :, \ !:m S* C^v ' I 



microbiologists ear piovide meaningful estimates ot global 
diversity from studies of selected habitats and a better under- 
standing of the importance ot biogeography. it will be fruitless 
to estimate the degree to which microbial species on Harth are 
threatened" (42b) But as hnssner I 1 3 S ) affirms, '"microorgan- 
isms present the greatest challenge to any serious attempt 
at assessing the overall scale of global species richness." 

Some sense of the magnitude of the problem facing micro- 
biologists can be appreciated by focusing on fungi If we accept 
the working figures of ^2,000 and 1.5 million for known and 
total estimated species, respectively, Hawksworth (201) con- 
cluded that at the present rate ot description, it will take 
another KKH years tor the global inventory of fungi to be com- 
pleted, liven it we accept Hammond s "moderate" accuracy 
rating, i.e.. within a factor tit 5, for fungi ( ls)K), the inventorying 
task would continue until 2 INK. The situation is likely to be 
similar with respect to other microbial groups particularly, 
where the number ot taxonomists is known to be low (see, for 
example, loissner's comments on soil cihate diversity [138, 
140] ). The foregoing, of course, takes no account of infraspe- 
cific or genetic diversity, the importance of which for biotech- 
nology has been stressed already 

Is ATB1 a Realistic Objective fur Microorganisms? 

All-taxa biodiversity inventories (ATBIs) have been pro- 
posed such that a selection of habitats are subject to intensive 
investigation in order to make as nearly complete an inventory 
of species as possible ATBIs aim to describe all taxa at the 
species level and the locations where they can be found on 
subsequent sampling ot the habitat site. Such an accounting 
system may be a reality tor the best-known groups ot macro- 
organisms, but is it feasible for hyperdiverse taxa and micro- 
organisms'. 1 Ren tor the former, ATBIs likely will necessitate 
interpolation between sample sites within an ecosystem. 

Tiedje (441 | has advocated microbial \TBIs tor the follow 
:ng reasons u) landing new species: tor the purposes of bio 
technology search md discovery, it would be verv useful to 
uncover the precise relationships between env ironmental dif 
teience and genotvpic differences, i c , w hat is the nature of the 
area species cur.e !or selected environments; ( The epibiotic 
bacteria associated .v;th nematodes referred to above i\ a good 
illustration ot this p ;v of analysis [3^2].) mi Determining the 
distribution and ahand,w\ e of uncultured microorganisms ( m ) 
I ategori/mg rare miciooigunisms (i\a Svnthesi/mg gciiotvpic, 
phenotvpi-;. and e^ok»g;ca! mtoimatton in order to produce a 
meatei understanding of microbial distribution Tor example, 
can an bP':'o\;, ;< - landscape be piedicted (441 ! However, 
the task o: making i mieiobial \ TBI is totnudahie and would 
aimos; cerPurPv :ve, estate a degree ot select iv itv l or exam- 
^c. 1 :ed:e i 44 ; , ;vavso ... sampling stiategv that eould be 
driven hv .peeif\ quest:o:>. such as how a host reflects micio- 
diveiMtv. whacn turn might direct sampling ilong a 
vegetation ImiivC. >; Ph rough a ph.ylogenelic ime ot insects at 
*he selected s : ic I'o ,«ui k:i wv ledge such microbial A I BIs have 
nor ^ct be. attempted, a situation letlecting th,e m.i|oi meth 
•d-'i<'g:va; and : a:-'a ic-ouices that would 'v required 

\rt \Ve Losing Mierobiut I>i\ ersitv .' 

e::oi m ;:\ e:r, :i oumeutai degradation, .is ,i conse 
.r.iencw ot huma: 1 •pcrvenpon is w k d 1 known through the et 
L '^ N ! - t: -o" an,; i*. i poihit:-. ui. on and mtneiai c\!ract;on. 
and managem.e--- m "\ir\ e. det w ;e .p a-p ; r : \t'::/ata pp 
'"-I ■■• i: ! ' m:g:p \- added ;.uce scale 

""-''duct:. :-. : ::e'-pv..;c> How ev er. the .pjcspon w hici: P ot 
■ ^tte.S ; s.i^h envii-pnnenta: dee 
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radation on microbial abundance and species richness Stalc\ 
|42D) examined this question from the points of view of svm 
hiotic and tree living microhiota anil, while citing several cases 
ot the loss im significant reduction ot symbiotic microorgai.- 
: -ins, could provide few examples of tree-living species How- 
ever, the available data on environmental degradation of soils 
point to disturbances of free-living microbial communities 
causing reduced diversity ( lh3) Reduced diversity mav reflect 
environmental perturbations that are continuous or long-last- 
ing lather than punctuated Reports are starting to appear that 
reveal the extent of microbial population changes in the face of 
habitat destruction. Of 1(H) prokaryote rDNA clones recovered 
from a mature Brazilian rainforest soil and an adjacent pasture 
soil, none had been described previously, while several appear 
to represent members of new bacterial divisions (43). More- 
over, the greatest number of unclassified bacteria were found 
in the forest soil rRNA intergenic spacer analvsjs confirmed 
this icsuli. and eventually it might provide a means of evalu- 
ating the ecological health of particular ecosystems. A dra- 
matic shift in the bacterial communities of a Hawaiian rain- 
forest soil and a pasture soil resulting from forest clearing 
about SO years ago has been reported from Tiedje's laboratory 
(351). Culture-independent analysis showed that the change 
from rainforest to pasture effected a 5i) c r change in bacterial 
composition and that the change was not merely seasonal. 
None of the dominant forest phylotypes (which appear to rep- 
resent new taxa) were detected in the pasture soil Whether the 
microbial diversity of degraded environments of these types 
returns to its original state is unknown Similarly, we have no 
knowledge of the colonization of isolated environments hv 
additional species transported from other regions (Broadv [54] 
discusses this point in relation to the algal diversity of Antarc- 
tica 1 

Which Biomes, Kcos\sU*nis. or Habitats Do We Protect.' 

1 he lack even prclimmaiv databases tor the most pan 
makes this a difficult question to address Cuidunce mav be 
provided from various sources Hiogeographcrs. tor example, 
i .'cogni/c a number ot geographic locations distinguished b\ 
their exceptional levels ot biodiversitv and endemism; such 
locations aic defined as hot spots on the basis of their Moral 
and tauna: diversitv i34^i these hot spots, tor example, cou- 
' un about 2')' ot the world tloia :n oniv i! 5". ot its land area 
Of the 1^ hot spots. 14 .ue ;n tropical fo-iest> and the rvmair 
del .ire in Med ten ancari bionics. " ot the 'not spots have 

Uieadv !ost l Jo •■ or mure o| then oi:e;r.ai mtcejiH. and the 
i - ,,, t are undei considerable threat i.M'C I ndoubtedk otlui 
hot spots o.eur amonc 'hem corui ccosVstLins In us. one ap 
;i.\ich tor pr:oi:ti/mg :;i situ protection o| microbial divers;tv 
: ■ to establish icscaich stations m hot spot .ire, is, hv the sum: 
t-Ken. sites scLvtcd toi A TBI action couid also ''v prionti/cd 
Such aiguments reintoree the need tor microbiologists vi tak: 
a serious view on biogcogruphic distribution and to lobby toi 
!h." protection ■ ^ t unusual. miMme. and threatened habitat- 
C r rcstna; and mar me geot hernial sites, deep ocean Irene he- . 
and poiai regions must l v included :•; the latter catctvrv 
I xampU's oi niicio ; M.i! dr. ci si *v pioteciior. actions mciude 'h: 
> e: : ov\stone CvrmopC v> ( ^n-er-aPop IV^ei i45m. an 1 
'he .aupop ■v:;; 1 ; s \cp d ;r. pe net ! at : n .: «.pd sampling I is.- 
' v ' - I ts: V ,# a! k t\ : ■ 3 1 4'»'« 1 i : -i:, .i;v\,n pal ad- ■« 

-il. but a vai: a So \- pi tdc tor ;\\- ;pc-jo. ipop M , : i., -p;. 

't polluted s:\-s :p . udc: '■ 1 v e ss • u p.er »:n- ' ; - a; :\iv e e \ o.\ e J 
■to', ei met i"s »'\ .r\':*-e> 
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What Might Be the Cost of Providing Adequate 
In Situ Protection of Microorganisms? 

It has been estimated that the annual value of the earth's 
ecosystem services and natural capital is about 1 : S $33 trillion 
1*3= rhis value was computed on the basis of 17 ecosystem 
services (at least halt ot which rely directly if not totally on 
microorganisms ) tor lb bionics and should be compared with 
the annual spending on conservation via nature reserves Cur- 
renth the latter is estimated to be $6 billion per year, and 
James et al. (235) oaim that the additional cost to buv and 
manage a broadly representative system ot reserves, equivalent 
to \y "( of the earth's land area, would be approximately $17 
billion per year These authors maintain that the "cost of global 
conservation is wed within our means — the obstacle to 
progress is the lack ot political will " 

What Is the Future for Culture Collet lions? 

Culture collection, have provided a service to the scientific 
community for over : -n years In fact, the first service "'culture 
collection" was established by Franticek Krai in Prague during 
the latter part of the l u th century. In the decades that fol- 
lowed, several service culture collections were established 
around the world (f»h). The traditional service role of these 
collections was to provide authenticated cultures and expert 
advice on their cultivation and preservation to the scientific 
community. The ex situ conservation of microorganisms was 
seen to be essential for ensuring that a source of living cells was 
readily available for scientific and industrial purposes. This is 
still the case, especially since organisms isolated from environ- 
mental samples cannot always be found again, and even if thev 
arc. they mav lack the desired properties exhibited by the 
earlier strains The benefits that arise from the provision of 
well-characterized, uualitv -controlled biological material are 
measured not only in a tinancial sense but also m the benefit 
thev .outer on a global basis in terms of groundbreaking prod 
acts ot value m agriculture, industry, and health care. Main of 
the leading technological breakthroughs in recent years have 
been facilitated hv the MippK of such resources as exemplified 
bv the use ot Iiu] po vmerasc m PCR The economic value of 
biological resource centers (PRCs) isee below) was recently 
the subicct ot a workshop organized bv the World Federation 
*<f Culture Collections i 2fO) 

It !•» not feasible V maintain an adequate representation ot 
aii kn-uvn cultivated species ot microorganism and cell lines m 
\ - !u collections I i e database ot the World Data C "l ntre tor 
Mi. re.Mgamsnis s|v»> s that over SOi).(HH) living cultures are 
maintained in 4^4 , liture collections distributed across the 
-d 1 IT' n I Itese h. IJ:: 1 ^ , o:-s^: ot 34 C:53 -.uitures ot bac 
'a a i 4 2 ' ■ i . 3W*04 ..u'tuies ot filamentous tungi i4fv'."». 

cultures d '.:'.r>e. i2' i. 5, eel! hues |H(C; j. and 
m;.;s-- cultures >t ot u i living micioorganism < i 10''; ) How- 
ever, these holdings i -jMCsent onlv about !(1 to 15' ; ot known 
species and a tins ti.iction ot trie to'a! estimated diversitv ot 
microbial species 1* o clear t ha! the Lisk ot pun .dinu adequate 
e\ s.tu voveiage ot mi, loorgauiMiis is euoimou - I lovvevcr, tor 
both ccolomcui ande-s-anduic .ind V lotechnoluiiical develop 
men! to advance, w.tv need to !v found to isolate, classify, and 
conscrA; a vastiv create; arrav ot microorganisms, including 
• - V mote stmcturaliv complex and fastidious ones Cultuie 
• 'de. ':o:s will r.ecd * : \ .-i-vN as •• \ ; jted w p'n t \-se a, tiv 
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ct .ii [Ih^] noted the ironv 1:1 this situation "In geneiai. the 
countries richest in species are the ones w here scientific knowl- 
edge on individual species is least " This means that the ex situ 
conservation ot microbial genetic resources :n the countries ot 
origin, as advocated by the Convention on Biological Diversitv 
is seriously compromised by the lack ot expertise anil funds tor 
capacity building in many countries This situation needs to be 
addressed if developing countries are to benefit from the ex 
ploitation of their biological resources (hb). 

In recent vears, other serMces have been added to the cus- 
todial role of culture collections, such as the bulk supplv ot 
cultures tor screening purposes, patent deposit facilities, the 
supply of cultures for quality control, safe deposit facilities for 
valuable cultures, and identification of cultures ( 14b) Indeed, 
service culture collections have grown into BRCs. which are 
seen to be an integral part of the infrastructure that underpins 
'he conservation of biological diversitv, the successful devel- 
opment of the biotechnology industry and ecological studies 
linked to the sustainabihlv of life support svstems (144, 421) 

The current role of BRCs is to provide the scientific commu- 
nity with access to properly maintained culturable material 
(e.g., animal, human, and plant cells, archaea. bacteria, and 
viruses), replicate parts of these (e.g., cDNA banks, genomes, 
and plasmids). and associated databases These core activities 
provide a sound basis for maintaining and preserving the in- 
creasingly large amounts of biological material and associated 
information that are being generated bv the application ot 
novel selective isolation strategies and automated data acqui- 
sition systems |67). There is also an urgent need to update and 
improve quality control methods and simplify access to micro- 
bial databases, with particular reference to developments in 
genomics, proteomics, and phenomics, The application of 
genomics will help to promote industrial and economic ail 
vancement and will lead to new manufacturing processes pro 
vided that the complexity of phenotypic interactions can be 
unraveled using assavs to interrogate the transcriptome, the 
proteome, ami the metaholome 

Acquisition and distribution of biomatcrial. In then pivotal 
role in the conservation of biodiversitv . BR(\ need to provide 

1 framework tor the control and administration ot the ex- 
change ot biological materials within the requnements .»( the 
« omentum on Biological Diversitv This will require not onlv 
.1 need to increase the capacity ot holdings but will aiso neces- 
sitate the development of new technologies to preserve and 
expand the lamem ot those currentlv held bv BRCs These goals 
will not be case to attain due to the need to handle organisms 
•10m extieme env \u mmcnt > thai i.miu t be cul";vated or pre 
served using present methodologies \ tuture requirement 
muv weii be th: pio\ iNi^n ot die I )\ A rathe* than the or^an. 

Mils themselves I'hc BIU s arc :r .1 u: ;que .vution to ,niap* 
■he:r current roies \r, nrdei to tuitm new requirements ansiru 
Mom developments in moiecular hioioo This w ill andoubtaKv 

nciease r unnu-g co\K the bench's. q Isnk-na new techno! 

>gies and the relevant biological lesoiiicc* will Kivc a ppi 
'mind etK ct. e .peciallv in terms of «. xploitatmn Similar lv , the 
. meigerKc ot proteomics will lead m impro\ed eh.aracteri/.i 
■i>'u and cvcniuuilv 'o the '>:u\c^t:; ! exploitation oi the m.- 
■ilica! reMUju • 

I he d:s^ove;\ 1! new biological material, mpcciailv no\e' 
.niviiMfit.niMiu, can expected • > mere oc ra:vd!\ a-. ;m 
pr-wed se eel iv e s<mm.^ and c haiaetci vat: m pro, edures at. 
,sed to J:sse,t mt tile ..is! p..,.; ot um'ob;.,'. doe: ;mo;-: 

c.''bai acquisition pi»iic\ wiii he neeJed to mi .! o . m •••• ; 

1 dmgs 'vtween BR( 's ami um;ccc-sur. expend:' a : e i :m 
leveiopniert: w:i! mca" 'hat HR( \ a .:: .:: 'm p». > 



erx.ition and maintenance ot particulai kinds of biomaterials, 
as it is unrealistic to expect individual funding bodies to sup 
port the maintenance and preservation ot all types ot micro- 
organisms Strategies will also be needed to ensure that mem 
bets of the scientific community deposit biomaterials in BRCs: 
unfortunately, this :s not common practice at present. Acqui- 
sition policies wall also need to be sufficiently flexible to ensure 
that important specialist collections held in academia and in- 
dustry are not lost due to the retirement of key individuals or 
to changes in direction of industrial and health care concerns 
Customers will also need to have easy access to the holdings of 
BR(\ so that tnev can contact the appropriate centers. The 
tightening of restrictions on the national and international 
transport of organisms strengthens the case for national, re- 
gional BRCs to provide a focus for help and advice on this 
issue but also provides the scientific community with centers 
that can approach the regulatory bodies to lobby on the need 
to avoid restrictive overregulation (bb. 14b) Additional issues 
subject to regulation include the handling and distribution of 
genetically modified microorganisms and transgenic animal 
and plant material (including cell lines), and the handling and 
distribution of biohazard and infectious agents. 

Acquisition and distribution of data. There are increasing 
requirements tor new linkages to be forged between biological 
resources and other databases replete with key information on 
nucleotide sequences, proteomics, and phenomics. BRCs will 
need to develop strategies to handle and interpret the vast 
amounts of data arising from developments in such areas (6K. 
442) This will ultimately lead to the development of resource 
centers as knowledge-based concerns, especially in the fields of 
systematica and functional genomics It is we'll to remember 
that knowledge based goods and services currently comprise 
around b() f "< of the wealth production in the 1 ( ) countries which 
belong to the Organization for Economic Cooperation and 
Development into It is vital to promote collaboration between 
BRC> and the proposed Global Biodiversity Inhumation ha 
cihty, which :s designed to coordinate the standardization, digi 
ti/ation, and dissemination of the world's biodiversity data m 
the interests of the scientific commumtv 

Long-term funding and capacity building. BR( s w hich nice' 
quality assurance guidelines are irreplaceable as the reposito 
ues ot over a centur\ of rnicrobiolouv research and therein 
piovide a sensible basis tor continued financial support Fhev 
are part of the mlrastructure for science and technology bv 
providing accss to reliable aut hentica ! ed cultures, conscmm: 
and rephcatim: parts ot thc^e, and adding to associated cuta 
loeucs and database- I he scientific mmmuniiv, including in 
dividual sc:em;ss ^nd 'he biotechnology industry, needs to He 
assured that 'm-^eiea; resources deposited in BRCs are held m 
perpt tuitv and that the appropi iate eatiber ot staff can be give:; 
long 'crm -mrpo!* Idealiv. the deposits aim and access m 
BR( \ shorn,! substantial underwritten bv governments 
partuuiatlv 'Ap.eie costs arc mcuiied from regulators compl: 
ance associated with legal compliance leg. intellectual prop 
ertv rights 1. msurancc mdemmtv tor d.stnbution. and the ncco 
to monitor the import, export, and distribution ot holdmm 
:;oial l\ dumicmiis pathogens Cos! also mcjilv relevant v 
'he Li/neration, ^atheimc and processing ,»t information I'h. 
-ew strateev u : muiobiai culture colieclions m the Cniteo 
Kmgdom. a- outlined :n the Whitterihun Report o^\m > 
mhcutivc of ;o\ el mnenta! appieciat'.on of the stratCL'.:, vahk 
! c0 1 iec , :'i;v, .1! imeiv^M ganisrus as a lesouue lot biuindu straw 
'-^ : >• • ' Vi'.'a^'s t- > tile de\e:op.nie:'.t and expansion o| 
"■- ".eia.. e.e - :-,a, ;:.iMia, scier.ee and research mtse I'here o 
a need ■ a -a. ^ :\it:on ti poheie- ' » l \- ducctlv embedded 
' ' ' : '" ' : i er-pec::\e to ensure e, >ord:mit!o- ana 
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.omplementarm <>t !he biotechnology ; nt ra si ru^ t .if c on ,i 
global soile 

(ON(ll SIOVS AM) PKRSPECTIVKS 

Biotechnology is generally regarded as a ke\ technology ot 
the new century. The drivers of biotechnology are economic 
competitiveness, public demand, and radical technological in- 
novation. The success of this technology is dependent on the 
discovery ot novel chemicals, materials, and catalysts which, in 
the past, have been found as natural products through the 
application ot traditional biological knowledge and proce- 
dures Now. at the turn ot the century, a paradigm shift driven 
by new technologies is occurring in the way we search for 
exploitable biology This paradigm shift is exemplified bv the 
extent of biodiversity now revealed and recognized bv molec- 
ular biology, information and data-rich methods tor character- 
izing organisms and for defining taxon property relationships, 
high-lhioughput screening, the PCR and DNA sequencing, 
whole-genome sequencing and annotation, and functional 
genomics. In each of these areas, the rate at which data are 
being generated is increasing exponentially, leading to major 
issues on data management, data accessibility and the deriva- 
tion of useful knowledge. Bioinformaties has the potential to 
translate genomics data into knowledge. Currently bioinfor- 
maties is largely driven by the concerns of human medicine: the 
required information is on disease-related genes and on dis- 
covering targets to combat pathogens and dysfunctions. How- 
ever, there are other areas of biotechnology in which bioinfor- 
maties can create useful information from genomics As Rouze 
i.W) has pointed out, " This means that from the same genom- 
ics data, different information systems will have to be built, 
each domain bringing its own corpus of tacts, concepts and 
analytical tools " In order to realize this objective, the relation 
ships between biological objects and phenomena will need to 
be recognized at a much more sophisticated level and in siheo 
devices developed as discovery tools to geneiate biological 
hvpotheses that can be tested experimentally 

The foregoing does not. however, imply that we can atfoid to 
neglect innovative biology. such as developing means to bring 
uncultivated microorganisms into laboratory culture Similarly. 
:h: demand tor antimicrobials and other biotherapeutic prod- 
ucts is high, but the high-throughput screens now used in their 
discovery requite pure compounds In turn this requires opti- 
111 /ali'Mi of miciobiai growth and expression, scale up. and 
purification with a significant input ot resour.es foi each, or 
sMnism studied and. therefoie, careful choice ot organisms to 
•■c'een However. m:ciooig,ini\ms .tie trequentlv ;moiK ciassi 
!:ed a: d identified and -heretoie rna\ he dithc.ilt to choose or: 
•i «. ompletelv rational ! 1 a s i s I\chno!og\ lias driven industn. to 
. omhrutoria! chemistry, peptide synthesis. ,md i .it:ona! desier 
•arategies :o overcome the ditficullv ol the^e choices Nevei 
'heieso despite the dithculiv ot integrating ? atuiai products 
into high speciticit\. molecular biology -baseil. nigh throughput 
•■.:eens, thev remain the best source ot compb'x. no*. el, bioac 
; :ve compounds Main examples of novel natural-product dis 
co\eries are contained m this rev iew. hut we at : ,on\ :rued that 
nvlhgent search strategies wi: I uncover manv moie I he con 
vepi of the one strain manv compounds method for exploring 
iew miciobiai secondary metabolite^ > 4os ■, eontmuc" to be 
■ eix successful 

I"'-c high tcviv.i'iotiv ■■: modem rrosccuiar needs 
"■ a;vp!ied to ur.dei Nutr-dme. the ciowth an.! ,'xn r es^;on •? 
nie'.io >hc potent - t! in micioo;.;a::>ms and :;\:e.i>ed ,:t;-r- 
mils: be made to ,en:::vae to , .tt.iloe.uc. .:a-d'., .m.d dcv.r:'v 
mv:--'"u! d'versin l •'>e.;jen:!v whne " ; :e-e 
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it is important that we actively protect biodiversity These con- 
siderations finally lead us to an agenda of socioeconomic issues 
that go bevond stricth scientific matters that impact on the 
exploitation of biodiversity, which include ethical and legal 
issues related to sample collection and the impact of the Con- 
vention on Biological Diversity on business and company re- 
sponse (440); the concentration of biodiversity hot spots in 
developing countries and the expectations in those countries of 
advantageous hioprospccting deals, the effect of synthetic al- 
ternatives created in developed countries on such expectations, 
tor example, the customized design of biocatalysts via gene 
shuttling and directed evolution (306). the conservation of mi- 
crobial gene pools, and the respective arguments for in situ and 
ex situ conservation, and the access to and exchange of micro- 
organisms in the interests of sustainable development in indus- 
trialized and developing nations (97); and assessment of the 
risk of transgenic organism rclca.se on indigenous biodiversity 
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